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The work described in this report has been carried out at the 
Jet Propulsion Laboratory, Pasadena, California, and at The Ohio stat.:: 
Uni versity, Columbus, Ohio, as part of the de'Velopment of the "Infrared 
Temperature Sounding Experiment -- s-043" and was sponsored by the 
Manned Spacecraft Center, NASA, Houston, Texas. This development 
in~luded the constl~ction of a multidetector grating spectrometer 
designed to measure, from balloon altitudes, the spectral radiance of 
the earth near 4.31-1. This instrument has been constructed at JPL and 
was successfully operated for more than six hours at an altitude of 
139,000 ft on a balloon flight over Texas, July 11, 1968. Techniques 
for analyzing the data to provide atmospheric temperature profiles and 
information about the cloud Cover in the field of view of the instru-
ment have been developed by M. T. Chahine of JPL and have been success-
tully applied to the balloon observations. 
Eight papers and manuscripts are included as the major part of 
tllis report. These describe the scientific achievements of this joint 
effort between the Jet Propulsion Laboratory and The Ohio State Univer-
sity and are the culmination of this experiment development. 
The first three papers describe the instrument and its perfor.mance; 
two papers by Dr. Chahine describe the analytical methods used to reduce 
,the data to obtain atmospheric parameters; and the last three papers 
sUDlDarize some of the results from the balloon flight data analysis. 
\\ 
These papers demonstrate conclusively the viability of this experi';' 
mental approach for obtaining quanti tati vely accurate information of 
atmospheric parameters of direct meteorological significance fran sat-
ellite altitudes. 
We wish to express our appreciation to W. Hensley of the Manned 
Space Center, the contract monitor, for his interest and encouragement, 
and his actions in overcoming many problems, fiscal and otherwise, 
which were encountered during the course sf thi,s investigation. 
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A. An Infrared Multidetector Spectrometer 
for Absolute Radiometric Mealurementl, 
P. W. Schaper 
1. Introduction 
A spectrometer capable of making accurate radio-
, metric measurements in fixed, narrow spectral intervals 
between 3.5 and 5.0 p. has been developed. This instrument 
was designed specifically to satisfy the need for simulta-
neously sampling many intervals over a large portion of 
the spectrum with moderate spectral resolution. Such 
measurements are required for spacecraft experiments 
seeking to determine conditions confined to relatively 
small geographical areas, as, for example, temperature 
sOUl1dings and cloud height determination experiments 
(Refs. 1 and 2). " 
The design of this multidetector radiometer was pat-
terned after the successfully tested spectrometer described 
in SPS 37-36, Vol. IV, pp. 19f>-202, and in Ref. 3. The 
instrument size was determined, as before'i by an accept-
ance angle of 12 deg (£/3) arid a lO-in. focal length. 
Simultaneity of measurement was achieved by fixing the 
angle of the grating and increasing the number of detec-
tors in the image plane. Radiometric measurement capa-
bility was obtained by temperature controlHng all sources 
I 0 
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of reference radiation so that these radiances could be 
c.l~ulated to an accuracy of 1 %. 
2. General Description 
The multidetector spectrometer consists of two units: 
the spectrometer head and the electronics.' The spec·
o 
trometer head contains all the optical components, the 
detectors, their preamplifiers, intermediate amplifiers, and 
,gain- and phase-adjustment circuits. The temperature-
controlled reference sources are lOcated in the spectrom-
eter head. These are the radiation chopper and the 
in8ight calibration plate. 
The electronics unit contains the data-conditioning 
circuits beyond the second stage of amplification, the 
chopper drive circuit, the sequencing and logic circuits, 
and the analog-to-pulse-width conversion system. Power 
distribution and regulation systems fo.rm a subunit of the 
electronics package. . 
A liquid-nitrogen dewar!s used as a source of cold gas 
Isupply. A commercially available dewar was modified to 
operate at: a constant pressure of 20 psia. It suppJies cold 
nit,mgen gas near 100 or 300° IC, as req\lired, in.fhe qll~n-­
tities dem~nded by the spectrometer head,· cempe.neots. 
1 
I 
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,.,~ I two radiomet r unit and th liquid-nitrog n 
supply are shown in Fig. 1 mounted on a high-altitud 
balloon gondola. 
3. Optics 
Th ov raIl size of the breadboard sp ~c trom tel' (a 
d scrib d in SP 37-36, Vol. IV) had pro d to b quit 
suitabl for spac craft use. (It was dev lop d to fit on th 
M'arin r IV spacecraft. ) Th same basi d ign oncept 
was appJi d to the multid tector instrument. Laboratory 
tests indicated that an arrangement 10 ating th ntrance 
slit b low the grating and th image plan abov would 
yi ld minimum optical distortions. Th d i 111 of th 
detect r imaging optics in th br adboard wa found to 
be very ffi i nt. Th r for , an arr, ng ' m nt of a numb r 
of the I m nts, sid hy 'id , wa to b u ·d. A ray-
tracing program, p rform d by B· km. I nstrum nts for 
JPL, I stabli h d th ntrallc - lit h, p and location 
wh 'd1 would produc n optimum im g on the d t 'Clors. 
Fig. 2 shows th spectromet r-h ad opti al arrangement. 
The collimating mirror has b n r ~m v d at the instru-
ment end facing the cam 'ra to show th int ~rior. 
The entrance-slit dim nsion ar a r suIt of two con-
ideration: signal-to-noi e (SIN) r tio and spectral 
re olution. Detector and instrument tran mi ion prop r-
ti , d monstrat d in th br adboard p tr met r, w re 
U ' d for the SIN ratio calculation . For cal ulation of 
lowe t ignall vels expect d to be rec ived by the instru-
m nt, a Mars flyby experim nt was assum d. Th ar a of 
the ntran slit for which an SIN ratio gr at r than 100 
could b maintain d was found to be 45 mm-. It had b en 
hown that an ill trument resolving power of 100 (AI ~A) 
wa uffi i nt to obtain an accurate temperature sounding 
(fl f. 1). The calculated optical aberrations from the ray-
tracing program showed that this resolving pow r could 
b achi ved with an ntrance slit 3 mm wide. 
Th collimating mirror was machined from an alumi-
num asting to a sph rica I surface of 20-in. radius. The 
mirror urfa w gold-plated for maximum refl ctivity 
in the infrar d. The grati •. g has a 240-lin s-per-millimeter 
ruling, blazed for maximum fficiency at 3.75 p.. Tw nty 
p rc nt of the grating area i. maskea to liminatc rays 
that would increase optical aberrations in the image plan . 
It was hown by the ray-tracing program that this masking 
I Hender on, B. D., and Zerucha, J., Stud" and In est ; ation of 
Opt'cal SII$tem, Phase II, Final Report for th Jet Propulsion Lab-
oratory, Contract 950880 (subcontract under NASA Contract 
NAS7-1(0) , Beckman Instruments, Inc., Fullerton, Calif., August 
14, 1964. 
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Fig. 1. Multidetector radiometer units mounted 
on a balloon gondola 
f th grating did not significantly d tract from th energy 
at th d lectors. 
Ray-trac r suIts also show d that the optical ab r-
rations ould b kept at an acc ptable I vel for a distance 
of 2 in. on ith r side of the opti al axis. Thirty-five 
detector elem nts could be fitt .:l into this spc.c . Th 
optical d ign consists of a silicon front I ns and a tron-
tium titan. tc I ' ns with an imm rsed ?bSe det ctor for 
- 80 to - 60° op ration. Both Ins have th id 
fiatt n d and m unt d in m tal frame with thin ide-
plat s ppli d to form a 3 X ] mm ap rture. Fig. 3 hows 
a vi w of th d t tor modul with on sid plate r moved. 
Th ar > 10 at d and em nt d in th metal 
hou in , at th corr ct di tan for an £13 optical sy tern. 
The sid plat ar de ign d with 0.002-in. thickness to 
mmUnIZ ptical los b twe n th de' ector modul s. 
The ap rtur urfac s outside the silicon lenses are pol-
ished and g Id-plat d; the surfaces between the silicon 
and strontium titanate lenses are blackened to minimize 
internal r Bections. 
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COLLIMATING MIRROR REMOVED 
TO SHOW INTERIOR OF INSTRUMENT 
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35 PbS. DETECTORS 
GAIN AND PHASE 
ADJUSTMENTS 
Fig. 2. Spectrometer head 
J'L SPACE 'ROGRAMS SUMMARY 37-43, VOL. IV 
5 
- - - 1 
, 
241 
STRONTIUM 
TITANATE LENS 
Fig. 3. PbS. det.ctor module 
The spac b tw en th lenses is purg d by nitrogen gas 
from th ooling system. The 35 PbSe elements are held 
at a constant - 60°C by cold nitrogen gas. Regulation is 
achiev d by varying th gas flow rate. The nsing elem nt 
is a platinum r sistan e s nsor built ii.'tto the detector array. 
Fig. 4 is a photograph of the 35 PbSe det ctors, showing 
each d t ctor's pr amplifi r. 
A filt r covers th d t tor array. It rejects all radiation 
below 3.0 p. (r jection ratio of 104 ). The average trans-
mission of the filter betw n 3.0 and 4.5 p. is about 80%. 
Transmi ion above 5.0 p. is less than 10%. 
4. Radiometric Components 
The radiation chopp ria our of r f r nce radiatioll 
with which the unknown en rgy nt ring the instrument 
is compared. The temp rature lev I-and henc the radi-
ance lev I-at which this sour operat was detennined 
from (1) the dynamic rang of the instrum nt as fixed by 
an existing data sy t m capability, and (2) the temperature 
measur m nt accuracy a limit d by practic I considera-
tions. Both constraints had to b considered simultane-
ously. A temperature of 2400K was chosen. The accuracy 
242 
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of control and m 'as r ment of this t mperature is O.l °K, 
which orr sp nd to an unc rtainty in radiance value of 
about 1 %. A 1000-lev I data syst m p nnitt d the 
expeckd dynamic range to b ov red. Howev r, the 
unc rtainty in chopp :>r rad'anc was xp ct d to r suIt in 
an overall radi, nce error of about 10% at th lowest radi-
ance lev 1 m asur ~m nts anti ipat d. Th , e are radi< n 
levels equival nt to a blackbody t mp ratur of 200°K. 
Th tuning-f rk chopp r design is similar to the design 
used in th . breadboard sp ctrom t r . Nitrog n gas is used 
to cool th chopp r blad s and tuning-fork tines. Cold gas 
at 20 psia is cir ulated through a h at exchanger at the 
base of the tuning fork. Additional cooling of the driv 
and pickup coil i provided by gas at ambi nt pr sur 
blowing dif"ctly onto th s compon nts. Temperature 
control is maintained by heating 1 m nts c m nted to 
the hlad s. Platinum s nsor mounted on the blades serve 
as a temperatur r adout as well as th controlling elem nt 
for the h at r. Th hating and sensing el ments wer 
construct d as an integral unit and then c mented to th 
side of th chopper blades facing the detectors and 
covered with ·3M black paint. Th heater and sensor I ad' 
w re routed al n th tines of th fork to a t nninal block 
on th chopper housing. The ntire assembly as s en 
from the front of ti instrum lit is shown in Fig. 5. 
Two other components ar critical to th "radiometric 
kit" : the calibration plate and th z ro shutt r. Chang s 
in det :> tor r<.'sponsivity as a fun tion of time ar noted by 
comparing th :> signals from all detectors periodically 
when stimulated by < known amount of radiation. A black 
plate at 280° K is placed in front of th chopper at pr set 
intervals. Th surfac ~ temperature of the plate is con-
trolled by a heating-sensing elem nt similar to those on 
the chopper blad s. Th calibration plate is shown in 
Fig. 6. 
Detector (and 1 ctronic) nois lev Is are monitored 
periodically by placing a shutter, which eliminates 11 
choppp,d radiation, over the entrance slit. Thus, a zero 
radiance level and it uncertainty can be established as 
a function of tim. The shutt r is shown in Fig. 7, which is 
also a view of th chopper housing and grating mount 
from the inside of the instrument. 
The entranc slit is overed with a 0.027 in. thick 
sapphire sheet to prevent nitrogen purge gas from imping-
ing on th chopp r blades or calibration plate. Th 
sapphir plat is transparent to radiation below 5 p. and 
is free of ab orption bands in the wavelength region of 
interest. 
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DETECTORS AND 'UftE OPTICS 
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TEMPERATURE 
SENSOR LEADS 
Fig. 4. Thirty-tlye "D~. "' .......... W"w w ... ,.."" ••• lu,,,,.r IIOlafion tilt.r remoyed for clarity) 
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Fig. 5. Chopper assembly 
S. Electronics 
Th d teetor output sign. 1, which is an alt ' mating 
. ign I at the chopping frequ ncy of about 3 cps, is 
amplified in three stages. It is th n converted to a d , 
voltag which, in tum, is us d to charg a capacitor. 
Thirty-five such capacitors, on for each detector, ar 
th n sampled in sequ ne , their charg 's b 'ing repre cnta-
tiv of the energy level falling on th detector during th 
tim of charging (9.65 c). After the capacitors have 
n amp led, they are discharged by shorting th ir input 
ground, and a new cycle of integration is repeated. 
Th analog output signal is com: rt d to a pulse-width 
. gnal which is accurate to one part in 1000. 
These data-processing circuits were as em bled on 
print d circuit boards and hou d in the 1 ctronics unit. 
th r lectronic cards in the unit contain logic circuits 
which estabHsh the instrument operating cycle. Th y 
control such events as z ro shutter op ning and cl ing, 
alibration plate actuati n, capacitor charging, readout 
qu nee, and "dumping" of capacitor charge. sepa-
rately :; .' ielded compartment in the electronics unit con-
tains the t mperature control and readout circuits. These 
ar bridge circuits whose output is fed into operational 
244 
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amplifi rs that control th h :lter power supplied to the 
t mperatur -controll d surfaces. 
Pow r from an ext mal sourc , such as batteries or any 
oth r 28- dc pow 'r supply, i d istributed and regulated 
by a system of boost r gulators. Th power di tribution 
and regulation circuits ar a ,' ubunit of th I ctronics 
unit . The 40 v required for the detector bias were suppli d 
by four m rcury batteries mounted in the power subunit. 
A mor d tailed fun tional description of the electronics 
is gi en in th followin g articl (pp. 248 - 253 ). 
6 . Tests and Calibrations 
To assess th xt nt to which the instrument met its 
design goals and to pr pare for a test Right on a high-
a ltitud balloon, th multidetector pectrometer was 
tested and th . cdlibr, tions of its sensors were stablished. 
T mperatur > sen ors were calibrated by placing the 
entire instrum nt into a temp ratur -controll d oven. The 
inst rument W ,l S wrapped in a thin pIa tic bag to ke p 
short -tim/' temperature Ructuations from affecting th 
sensor templ'rature. A quartz thermometer probe was 
placed near each S nsor. The quartz thermom ter cali-
hration had b en \. rifled in the JPL Standard Labora-
tory. Before and a ft er each test, the quartz thermometer 
was che ked in an ice bath for zero drifts and calibration 
shifts. The results of the temperature ensor calibrations 
arc summari z d in Table 1. 
Table 1. Temperatu re sensor calibration 
Resistance 
Temperature 
Normal 
Instrument at operating 
Operation 
operating 
components 'emperature. 
range, accuracy, 
tempergture, 
n °C °C ·C 
Chopper 86 - 20 to - 40 0 .03 - 33.00 
Cal ibration 103 + 20 to - 10 0.03 + 9 .02 
plot. 
A "dry box," containing a pure nitrogen atmosphere, 
was used to perform wa I ngth test . The instrument's 
entrance aperture wa co r d with a lithium fluoride 
diHusing plat onto which th radiation from a grating 
mono hromator wa's direct d . Diffusing the incoming 
radiation gu rant d that th instrument optics w re 
filled, and thu , that th eH' cts of all optical aberrations 
were recorded. For each monochromator setting in the 
JPL SPACE PROGRAMS SUMMARY 37-43, VOL. IV 
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Fig. 6 . Calibration plate details 
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Fig . 7 . Grating and entrance slit assembly 
U1 _ 
ZERO SHUTTER 
ENTRANCE SLIT 
SHUTTER ACTUATOR 
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3.5- to 5.0-jAo range, the detector output signals werc rc-
corded. These were later nonnalized to the peak reading 
on each detector. The results of these tests are shown in 
Fig. 8 and summarized in Table 2. 
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\Vhile the instrument \'IIas installed in the dry box, a 
stray radiation test was performed on some channels. 
The atmosphere in the dry box was changed to CO:!, and 
the instrument viewed first a very hot and then a very 
4.5 
Fig. 8. Wavelength calibration 
Table 2. Wavelength and resolution chart 
I 
Detector Peak wavelength, Half-power resolution, 'Detector Peale wavelength, Half-power resolution, 
No. 
" 
No. , 
, 
~ 
" 
, 
" 
-
I 
I 3.668 0.045 19 ..... 23 0.0"2 
2 3.711 0.0"6 20 ..... 62 0.043 
3 3.756 0.0"5 21 ... .502 0.0"3 
.. 3.799 0.0"3 22 ... .5 .. 0 0.0"3 
5 3.U3 0.046 23 ".510 0.0"0 , 3,.187 0.0"5 
, U .. 1.618 0.0"" 7 31.929 0.0"2 I 
• 0.0 ..... 
2.5 ..1.655 0.031 3.973 ! 
9 ".016 0.0"" 
26 ~.693 0.0"2 
n 27 .. ~729 0.043 10 
".058 0.0"5 I 
II ".099 0.0"" 2. .. L765 0.042 
12 
"L1" 1 0.0"5 29 .. l8o, 0.0"2 I 
I~ ".182 0.0.1 30 ".139 0.043 
I .. " 31 4.173 0.0"3 ".220 0.0 .... 
15 
.. !.264 0.0 .... 32 ".907 0.0"2 
16 "1.306 0.0"" 33 ".941 ·O.O·U 
17 ".346 0.0'" 3 .. ".975 0.0"2 
18 ".3&.4 0.0 .... 35 5.009 0.0"2 ~ 
'"l\ t .... 
\ 
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coM source. Siuce thc.J}ath length internal to the instru-
mt'nt is long ('nough for the CO:! to he totally ahsorbing, 
no signal should n>ach the detectors npar the center of 
the -I.:1-fL CO~ ahsorption haml. By observing signals in 
dc:tectors 15 through 18, the stray-radiation r('sults wcre 
obtained (Table 3). 
Table 3. Stray~radiation test results 
Peak Output, % of full scale Noise level, 
Detector 
wavelength, °/. of 
No. Cold source" Hot sourceh full sceile ~ 
15 4.264 1.6 2.4 1.0 
16 4.308 1.4 2.0 1.0 
17 4.346. I." 2.0 0.5 
• 100% neaalive output on oil other detectors. J h 1000/0 positive output 0" all other detector •• , ,,' 
The remaining instrument calibrations were determined 
during tests in a temperature-controlled vacuum chamber. 
The instrument received radiation from a blackbody 
1\ 
-
z;uu:s . 
. -
source at severa] accurately controlJed temperatures. The 
resulting data were reduced to the instrument parameters 
summarized in Table 4. 
7. Summary 
A spectrometer has been developed that is capabJe of 
mC<lsuring absolute values of infrared radiation between 
;3.5 and ,5.0fL with a resolving power of 100. These absolute 
values of radiation entering the instrument in these 
spectral intervals can he measllfed simultaneollsly to an 
accuracy of 1 to 4% for SIN ratios larger than 100. 111is 
instrument will St'rvc as an engineering model for furt~cr 
flight tests on high-altitude balloons to demonstrate the 
accuracy to which atmospheric temperature soundings 
can be made. Beyond these tests, an extension of the 
wavelength coverage to shorter wavelength CO~ b~nds 
is planned. Expcriments to determine cloud heights and 
surface elevations from a measure of the absoJ:T>tion of 
solar radiation have been proposed. An increase in the 
wavelength region covered by the multidetector spec-
trometer will make it a powerful tool in the field of ( 
meteorological investigations from spacecraft. 
Table 4. Instrument parameters 
Blackbody temperat"r. 
Detector No. Wavel.ng,h, JA 2100 K 2600 K 2400 I( 2200 K 
Error, % SIN Error, % s/r4 Error, % SIN Er;or, % 
2 3.711 3.7 357 2.6 126 0.4 41 
13 4.182 4.2 1080 2.1 "40 0.9 158 
14 ) ".220 3.9 1450 3.2 596 0.9 217 
15 ".26" 3.2 1370 2.0 582 1.5 214 
16 4.308 3.0 2560 1.8 1065 0.7 397 
17 4.346 2.8 2220 2.1 879 1.3 329 
18 4.384 3.0 2030 2.0 860 1.2 325 
19 4.423 2.7 2450 1.6 1040 2.0 398 
35 5.009 2.5 1660 1.8 782 I.S 333 
Error = [ M.asur.d bla(kbody radianc. -I] X 100". 
Calculat.d blackbody radionc. 
,. 
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B. The Electronics for an Engineering Model of a 
Multidetector Infrared Radiometer, A. R. Eisenman 
1. Introduction 
An engineering model of a multidetector radiometric 
spectrometer has been designed and built at JPL for the 
primary purpose of temperature soundings of atmo-
spheres in the 4.3-1' absorption band (pp. 239- 248). 
An earlier instrument (SPS 37-36, Vol. IV, pp. 195-202) 
used a moving diffraction grating to resolve spectral 
regions sequentially scanned at one detector. The multi-
detector instrument uses a fixed grating to display the 
resolved spectnnn across a fixed array of 35 detectors. 
The advantages of the multidetector arrangement in-
clude (1) mechanical simplicity and ruggedness, (2) re-
duction of exposure time for constant signal-to-noise 
ratio by the square root of the spectral elements resolved 
(5.9 for 3.5 clements), and (3) simultaneous (~xp()sure of 
each spectral clement. Thcs(' advantages reduce smear 
in orbital or flyby applications and permit exposures of 
5 to 10 sec of radiation from a 2000K CO~ atmosphere. 
Incoming energy is interrupted at a 300-Hz rate by a 
tuning-fork energy chopper immediately hehind til£> en-
trance slit. The chopper modulates the energy beam so 
that an ac signal proportional to energy magnitude is 
generated at the output of the detectors. Separation of 
the ,ac signa) frpm _ the dc bias voltage of the photore-
'sistive PbSe detectors elfmmates' de . drift at the input. 
The chopper frequency is placed as high as possible in 
order to minimize l/f noise of the detectors. The opera~ 
tion of the chopper is such that the detectors alternately 
look at incoming radiation and at radiation from the 
back .of the chopp~r blades. Therefore, the ac-generated 
signal is a difference signal that has a magnitude of zero 
when incoming radiation is equal to chopper radiation. 
The chopper then establishes an electrfcal base line with 
instrument phasing such that incoming energy greater 
than that of the chopper generates positive signals and 
incoming radiation Jess than that of the chopper generates 
negative signals. Instrument accuracy assumes linearity 
of detector response to energy differential. 
Inflight r~spollsivity of the detectors is measured by a 
calibration plate ofpreciseiy- khqwn tt.'mperature and 
emissivity which periodically covhs the entrance ~Jit. 
Infli'ght checks of electronics zero' drifts and detector 
noise are mnde by periodically closing a zero shutter, 
thus blocking chopped energy from re~ching the detec-
tors. Essentially, Jaboriltory calibration of the instrument 
JPl SPACE PROGRAMS SUMMARY 37-431 VOL. IV 
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is calibration of the total radiance from the chopper and 
the calibration plate. 
2. Electronics Function Block Diagram 
An electronics block diagram is shown in Fig. 9. All 
stages of amplification are highly linear with a feedback 
factor in excess of 100. This preserves the inherent lill-
earity of the detector and is necessary hecause of single-
point inflight responsivity calibration. Where possible, 
blocks have been implemented with operational amplifier 
techniques. 
3. Timing Sequences and Logic Design 
The fundamental cycling rate of the instrument is 
21.3 sec. All storage switches are dosl'd in parallel for 
U.65 sec and ope.n for 10.65 sec. During the first int('rval 
(the instrum(~nt eXL10sure time); engineering data arc 
transmitted while incoming energy is dcmoduiated and 
filtered. During the second inh'rv£l,J (the radiance channd 
transmission lime), storage switches are ol>cn('d and radi-
ance data are sequentialJy sampled from low Jenkage 
2-JLf Teflon capacitors. Each multiplex switch is closeo 
for a 333-msec sample time during which an analog-to-
pulse-width conversion is made and the pulse width is 
transmitted to a ground station. At the end of. each 
33.'3-mscc conversion interval (radiance channels only), 
a clear relay is closed, discharging the capacitor, to pre-
vent capacitor storage from influencing the next stored 
value of that channel. The instrument goes through nine 
21.3-sec cycles as follows: The first three 21.3-sec cycles 
are run with the zero shutter closed; the next six cycles 
are run as two sets of input radiance, calibration plate, 
and input radiance data. The total cycle time is 3 min 
and: 11.7 sec. 
13 
\ 
All of the logic is composed of "semisynchronous" 
counter chains with gate readout of specific intervals. 
Because of the fast transition of the logic used (Signetics 
SElOO serie$: RS 8ip-flops and diode-transistor fUloo 
gates; transition and delay times less than 100 nsec) and 
the slow timing ,sequence~, binary stages were imple-
mented as series ripple co~nters and non binary stages 
were implemen~ed as synchronous counte(~, This logical 
implementation; avoids ring counters and counters that 
rely on transition time delays to. reset earlier stages in 
nonbirlary counters. This results in straightforward logical 
design from logic equations, but avoids the unnecessary 
complication of fully synchronous implementation. It also 
minimizes noise sensitivity, since noise on Rand S lines 
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is not seen by the Rip-flop unless it occurs synchronously 
with the negative transition of the clOck input. In syn-
chronous counters where S" terms of the nature of Q,' Q:!, 
. ", Q".1 • Qn, and where Rn terms of the nature QI • Q~, 
.. " Q,.-l • Q" were ~nerated, these were replaced respec-
tively by Q'I and Q., their ripple counter equivalents. 
The synchronous terms were generated by nand gating 
into Rand· S inputs since nmul gating to capacitor 
coupled steering points is equivalent to logical and gat-
ing. Function-generated clocks were always synchro-
nOllsly generated at Rip-Rop Rand S inputs from gated 
functions and clocked by the nC'xt higher frequency clock 
in order to eliminate logic gate noise and false triggC'ting 
of subsequent flip-Rol>S. Since the filt.ercd output of the 
radiance channels is a function of the energy exposure 
time, the logic circuit clock gcnerntor is a stable tuning 
fork. This avoids changes in the filter output with dmngl1s 
in the instnlmcnt timillg and l'xpOSlIre tim('. 
4. Exposure Time 
The selection of cxposure time' was h:lsccI on thl' mini-
mum time for tilt' minimum acceptable SIN ratio. For 
orbital applications it is also ncces~lry that this minimum 
time be less than a maximum tim'(,\'for acceptable smear. 
The minimum SIN ratio (pca~~~nal to rms noise) was 
set at 100 at 4.0.1/0 for radiation from 2000K blackbody. 
The' signal mny be calculated from 
where 
wcm&:: 
N A = spectraJradiance of source, w-1 ster-l 
e = efficiency of optical system 
A, = area of slit, em:! 
A~ = arenoE grating, cm~ 
F = focal length of monochromator, <..m 
4.\ = spectral bandpass. Ii 
The noise of the detl;!ctor mn.)' be calculated as . 
NEP=VAVA.[ 
. D· 
\* -
'. 
where 
NEP = noise equiva~~~,t power of detector, w 
III = electrical bandwidth of fHt'er, Hz 
em Hz"'" V· = detector figure of merit, ---
w 
A = area of detector aperture, em:! 
Assuming that the only source of noise was the detector-
generated noi~c, and substituting the SIN requirements, 
the effective flltrr time constants were solved from the 
above equations and found to be 4 sec, with half-wave 
demodulation. Exposure Hmt·s greater than 4 sec do not 
materially increase SIN ratio, but onl)' incren'ic effective 
channel gain. A final ('xposur(! time of 9.65 set' WllS chosen. 
5. Error Due to Linear Quantization 
A standard JI)L ana]og-to-pulsc-width conversion sys,. 
tem was used for data trnnsmission through an available 
FM-FM telemctry sysh.'m. Conv(!rsion to serial hinary 
coded decimal wns accomplished on the ground for. a· 
rnngc of ±~)98 levels. Chopper t('mperature was chosen 
to be as high as possible so that a 0.1 °C error in chopper 
temp_erature mellsU!'('ment represented a 1 % uncertainty 
in radiance at the lowest blackbody temperature to be 
measured. This established a chopper temperature of 
240° K. The dynamic range of the positive signal was 
about 50 to 1 and that of the neg~tive signal was 10% 
of the positive range. To minimize quantization error, a 
negative offset of 70% of the negative full-scale range 
was introduced into the demodulated signa], and the 
gain of the negativ-e signals at the input of the pulse-
width converter was increased by a factor of 4.2 by 
d~teeting negative signals in the data processor and 
switching the gain of ari operational amplifh:,t from 1 to 
4.2. In this way, the best two-line:segment fit to the 
logarithmic datu was obtained to minimize error of linear 
encoding of positive signals to less than 0.8.% and that 
of negative signals to less than 8% at 2000K blackbody 
temperature. 
6. Data Channel Electronics .. 
The design philosophy of the electronics from detector 
cell to filter and hold circuits was tOlobtain overanlin~ar­
ity of better than 1.5% over a wide: dynamJe range (I~ar­
rowband rms noise to peak-to-peak SIgnal) of 1000 to 1. 
This prevented degradation of SIN ratio hy clippin~ of 
251' 
1 
wideband noise and maintained linearity to better than 
0.6% over the 5O-to-l signal dynamic range. Change in 
gain of the electronics was held to less than 2% for the 
expected range of environmental operating temperatures 
and power supply variations. Short-term gain stability 
was better than 0.1 %. Long-term changes were removed 
as part of the responsivity measurement by the calibra-
tion plate. The noise figure of critical channel electronics 
was held to a maximum of .2 db. Thus, instrument per-
formance was limited by (1) the characteristics of the 
detector cells themselves, (2) the calibration of the emit-
tance of the inflight calibration plate and chopper, and 
(3) the precision of the measurement of temperature of 
the calibration plate and chopper. 
Gain of each channel was set to equalize channel-to-
channel vadations of responsivit>' of the detectors. To 
decrease digitization error, gain of ('hannc1s in the middle 
of the 4.3-fL CO:! absorption band was set to hvice that 
of other channels. 
The demodulation amplifier was a class B multichip 
integrated power amplifh.>r (:apahle of an output of 20 v, 
peak-to-peak. This supplied a large enough signal (+-2.0-v 
average) without clipping of wideband noise to permit 
de offsets, drifts, and losses of up to 10 M v in the de-
modulator, filter and hold circuit, and subsequent dc 
amplifiers, while maintaining 1 % overall accuracy. 
The radiance channel ac carrier signal was demodu-
lated by the simple half-wave field-effects transi.stor 
switch shown in Fig. 10. Full-scale linearity of the demod-
ulator, including the demodulator amplifier, was mea-
~iured as 0.1 % . 
, 'I if 
FROM 2.~ iJ-f 
DEMODULATOR o---i,l.-... ----~ ,.;---<) TO STORAGE SWITCH AMPLIFIER 
4 kn 
I Mn 
28 v p-p 
SQUARE WAVE 
Fig. 10. Demodulator 
To demonstrate performance in the engineering model, 
the half-wave switch was used instead, of a full-wave 
switch which would have decreased exposure by 50% 
252 
;( 
.. 
• 
for the same SIN ratio. The field-effects transistor was a 
small geometry device (2N3376 family) selected for re-
duced on resistance (1000 n max), low leakage (1 na 
max), and low pinch-off voltage (3.5 v max). 
Power consumption of the data-channel electronics 
was held to less than 60 Mw through the demodulator to 
demonstate feasibility of operation at flight power levels. 
The principal power consumption (40 Mw) was in the 
demodulator amplifier. 
7. Multiplexer 
Storage and multiplex switching were done with high 
insulation resistance reed relays driven directly by nand 
gates. Relays hap the advantage of low leakage and 
offset, and simplicity of drive; however, the system de-
sign was compatible with field-effects transistor switches, 
and these could be used in a Hight program. The multi-
plex isolation amplifier was a high input impedance field-
effects operational amplifier used to sample the stored 
voltage on the 2-fLf filter capacitor without significant 
charge loss for the"333-msef' analog-to-pulse-width con-
version interval. All interfaces with the analog-to-pulse-
width system were made with capacitor sampling through 
the isolation amplifier for uniform channel-to-channel 
response. The increased gain for negative signals was 
_ measured each 21.3 sec by calibrated voltaee levels mul-
tiplexed from resistance dividers connected to ± 15-v 
power supplies. The 15,·v power supplies were accurate 
to wi'thin ± 0.1 % total variation for all conditions of 
line, load, temperature, and time variations. Tolerance of 
0.1 % was assured (in spite of wiring IR losses) by remote 
sensing of the voltages at the terminal requiring greatest 
accuracy. 
./" 
f(. Summary and Recommendations 
A summary of the data-channel errors that were not 
removed by the calibration plate and zero shutter is given 
in Table 5, and estimates of instrument radiance errors 
are listed. 
Interpretation of the 1.1 % error value shown must 
include effects of radiance values. At low temperatures, 
accuracy will be lower than this value, al)d at high tem-
peratures, accuracy will be somewhat higher. The errors 
shown are valid at temperatures of 250o K. Measurements· 
of radiance values to an Pr.ccuracy of 0.5% have been 
demonstrated at room ter~peratures. 
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Areas of instrument data-channel performance that 
could be improved in later models for short-term Earth 
orbital applications include: 41 
(1) Reducing of channel-to-channel electrical cross-
talk by decreasing preamplifier sensitivity to power-
supply noise or regulating power individually to 
blocks' of eight preamplifiers. 
(2) Increasing SIN ratio by full-wave demodulation 
and incorporation of analog or digital integrating 
filters, and by raising the chopper frequency (from 
300 Hz) to reduce detector 1/f noise. Improvement 
of detector noise figure is realized to 1000 Hz. 
(3) Increasing dynamic range and accuracy by in-
creasing the number of digitization levels from 
1998. 
(4) Increasing power-supply peak power capability to 
prevent possible overloading of power suppli~s by 
class B demodulation amplifiers during noise 
bursts, or eliminating the class B amplifiers. 
(5) Increasing instrument maintenance interval by re-
placing the clear relay with a solid-state switch. 
Because this relay operates more frequently than 
others, it requires replacement every 250 hr. Elim-
ination of this relay increases the relay replacement 
JPL SPACE PROGRAMS SUMMARY 37.43, VOL. IV 
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Table 5. Instrument errors 
Source of e"or E"or (avera .. e', % 
Preamplifier 
Gain and pha.e adjustment 
Intermediate amplifier 
Demodulator amplifier and demodulator 
Filter and hold 
I.olation amplifier 
Signal conditioner 
Analog to pulse widt" I 
Electrical crosstalk 
Emittance of calibration plate 
Em'"ance of chopper 
Temperature cycling of detectors 
Typical value- of total radiance 
error excluding nol.e 
-lased on .quar. root of lum of Iquar ••. 
II POlitlv. lignall. 
0." 
0.2 
0.2 
0.1 
0.2 
0.1 
0.1 
0.'" 
0.7 
0.5' 
0.2b 
0.2 
t.t 
I ' ;>-
, "\, , 
interval to 2500 hr. Elimination of all relays ~~o,uld' 
increase service life still further, to the limit~ of 
detector lifetime. ":,: 
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Performance of a Spectrometer Measuring Atmospheric Radiances 
Near 4. 3 Mic rons 
Peter Schaper and John Shaw 
ABSTRACT 
A grating spectrometer is described which makes simultaneous 
measurements of the ea!th's radiance near 4.3 microns (2300 cm- I ) in 
35 spectral intervc:..ls about O. 04-mic rons wide at 20- s intervals. The 
salient design features of the multidetector instrument are given. Tests 
and calibrations which permit radiance values to be determined to an 
accuracy of about 3 % are described. Instrument performance results are 
shown as de.termined from laboratory tests and two balloon flights in 1967 
and 1968. 
1. Introduction{ 
Measurements of the spectral radiance of the earth between 2000 and 
27PO cm- 1 made with a scanning gratin.g spectrometer from a balloon at an 
alt,itude of 30kmwere described in a previous paper (Shaw, et a1., 1957). 
From the measurements described, the surface temperature and the 
vertical atmospheric temperature profile can be inferred. The scanning 
grating spectrometer required ,approximately 10 min to make one set of 
measurements. In order t(,:;oobtain temperature profiles of value in numer-
ical weather prediction programs, it is necessary to increase the rate of 
data acquisition and to improve the radiometric accuracy of'the data. 
A new m.ultidetector grating spectrometer has been constructed 
which can make more rapid measurementscof the radiance from the earth 
and its atmosphere in the same spectral; region as the earlier spectrometer. 
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Accurate surface and atmospheric temperatures have been determined 
from analyses of data obtained from. a balloon flight with this instrument 
on 11 July 1968 (Shaw, 1969a and Shaw et al., 1969b). A brief description 
of the- multideteetor spectrometer, its pe,+formanee, and the method;)f 
. ~.{ 
data reduction are pres ented. Details on the instrument design, however, 
have been reported previously (Schaper, 1969 and Eisenman, 1969). 
2. Instrument dese ription 
The data acquisition rate of a grating spectrom.ete.r can be increased 
by simultaneously 'measuring the spectral radiance of the source at each 
frequency of interest by placing a number of detectors in the spectral 
plane., 'This requires that some detectors be placed away from the prin-
cipal optical axis; in addition, larger optical elements are required than 
for a single detector instrument. At the same time, for balloon flights or 
other types of remote operation, it is desirable to make the instrument 
compact. Because of the low radiance of the earth in the spectral region 
near 2300 cm- I , the f-number must be small to maintain an ade9uafe 
signal-to-noise ratio. A ray tracing program was used to determine the 
optimuln optical configuration which satisfied the above requirements and 
gave minima:l aberrations in the spectral p~ane. The configuration chosen 
is shown in Fig. 1. 
Radiative flux from an extended source enters the I. 5 x O.J-cm 
entrance slit and is reflected by a ~pherical collimating mirror (radius of 
curvature 50.8 em), placed 25: 4 cm behind the slit, to a 240 line/mm, 
7 ~ 10-cm grating located abov~ the e~trance ~lit. The rulings of the 
grating are parallel to the long axis of the slit. The flux is returned to 
the;~l:p\per half of the spherical mirror 'Yhere it is reflected to the spectral 
.. , 
v' 
H 
, 
, 
·. u 
.. 11 
plane, located above the grating. The first-order spectrum from 2000 to 
2700 cm-
l 
occupies a length of approximately 10 em in the pla.ne and is 
es s entially flat. At the extreme ends of this us eful region, 80 % of 
the rays from a point on the s lit pas s through areas of about l-mm 
diameter. This is small compared with the slit width. The measured 
resolving power varies from about 120 at 2000 cm- l to 80 at 2700 cm- l . 
The front surfaces of the foreoptics ot: 35 PbSe detectors lie in this 
spectral plane. Immediately in front of the foreoptic s is a filtel" which 
has a transmittance of 10- 4 for frequencies of les s th~ln 2000 cm- l and 
greater than 2700 cm- l . The foreoptics of each detector consist of a 
3 x 13 -mm- silicon lens and a hemispherical strontium titanate 
lens with the PbSe active element on the rear side. .'I',hese foreoptics a.re 
designed to image the grating on the detector elements, thus making the 
grating surface the field stop when the earth is viewed without a telescope. 
The temperature, 200 K, of the entire detector assembly is held constant 
to better than O. 1 K by cold nitrogen gas whose flow rate is controlled by 
a temperature sensor attached to this assembly. 
Immediately in front of the entrance ,slit is a 300-Hz tuning fork 
. 
chopper whose blades are blackened on the side facing the slit and polished 
and gold plated on the side facing the radiation source. The chopper 
blades are controlled at a mean temperature of 240 K stable to within 
, 
:0. 1 K. Heat from the blades is conducted along the tines to a liquid 
\. $ 
nitrogen heat si~k at the base of the tuning fork. Electrical heater and tem-
perature sensorj,combination are mountedoh the side of the blades facing the 
detectors. POwer is applied to the heater as demanded by the sensor to 
maintain its tetnpe,rature at the desired value. Because of the finite size 
c::: 
of the s ensor, about 2 x 10 mm, only the mean temperature of the chopper 
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blade is deterrnined; however, the technique of control as sures a repeatable 
ternperature field under operating conditions. 
The outputs from the detectors are proportional to the differences 
in spe~tral radiances between the chopper blades and the external source. 
These signals are arnplified by highly linear amplifiers, one for each 
detector, and demodulated with the chopper frequency. For field opera-
tion, these rectified outputs are integrated for lOs and converted to 
digital numbers for transmission through a telemetry system. The data 
are then recorded on magnetic tape. 
The stability and responsivity of the instrument are measured at 
'" 
frequent intervals by ins erting a tIc alibration" plate in front of the chopper 
which completely fills the field of view of the instrument. This plate has 
a blackened 280 K surface whose te'mperature is also controlled to O. 1 K. 
Thus, it provides a source of constant radiance. A "zero shutter" is also 
periodically inserted behind thei,entrance slit; this prevents any flux pass-
ing through the slit from reaching the detectors and allows the "optical 
zero" of the instru'ment to be determined. 
Since the responsivities of the detectors are influenced by the tem-
perature of their surroundings, it is necessary to stabilize the tempera-
ture of the instrument housing by a heater blanket. 
The instrument data system was designed to sample the 35 detector 
outputs and 25 other signals from temperature sensors and voltage moni-
~',-.,:: , 
tors, every 20 s. The latter were read ~ptri~~g the first lOs while the 
~~/ 
detector outputs were integrated; the det'~~to~ signals ,were then recorded. 
'" 
"'-'.,,;r '-' ~;:;-p/<~'~~~--~~~ 
During each 3-min period, 9 measurementt/1i~',\l:n,,~Tachbi~11e detectors 
were obtained. For the first three, the zJro shutter was closed and the I ' -, 
fifth and seventh measurernents were made with the calibration plate in 
~~ ,~ 23 
~. J 
'-~y/ 
, 
---.-.:.- ------ ~~~~--..... ~ --,'""""'!'*"'..,..,~----..----------...... ~ .... ,-----. 1 
front of the slit. The radiance of the "unknown" source was observed for 
the remaining four. 
The instrument signals were reduced to spectral radiances, and 
instrument temperatures and voltages by a computer program. The noise 
level of each detector was estimated from the "optical zero" readings; an 
instrument responsivity factor, required for determining the absolute 
radiance of the unknown source, was obtained from the calibration plate 
signals and preflight calibration data. 
3. Instrument calibration 
If data are to b~ obtained which can be converted to atmospheric 
temperatures accurate to 1 K, it is necessary to know the spectralloca-
tion of each detector, to about Z cm·;l, the relative response of each de-
tector to the radiant flux of different frequencies (slit function) to 5%, and 
the absolute response of the detector to incident flux to an accuracy of about 1%. 
The shapes of the slit functions of the detectors were determined by 
irradiating a LiF plate in front of the entrance slit with monochromatic 
flux and obs erving the detector response. This flux was obtained from a 
Nernst filament and a monochromator whose resolving power was approxi-
mately ten times greater than that of the multidetector instrument. The 
entire apparatus was placed in a chamb~r flushed with nitrogen to elimi-
nate absorption by atmospheric gases; the detect.?r outputs were recorded 
i 
as the monochromator output was varied from 1800 to 2700 cm- I in steps 
of Z. 5 cm -1. The frequency calibration of the monochromator was 
checked before and after this procedure with the spectrum of a mercury 
lam.p observed in high orders. The multidetector spectrometer housing 
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has been designed to reduce calibration changes. Indeed, calibrations 
rnade months apart show no change. 
The fr(~/quency at which the peak output of each detector was obse.rved, 
, 
was defined as the spectral frequency of that detector. The ratios of the 
outputs for other frequencies to this peak output were plotted against 
frequency. The resulting curve was defined as the detector slit func-
tion. These curves were symmetrical and nearly triangular in shape. 
The experimentally measured instrumental reolutioIl, defin'ed as the 
widths of these slit functions at the half-power points, was close to that 
predicted by the ray tracing program. The slit functions for the 35 detec-
tors are shown in Fig. 2. 
The instrument's ability to disc riminate against scattered flux and 
the interaction (cross talk) between detectors was measured by filling the 
instrument with pure CO 2 at atm.ospheric pressure. This gave an absorb-
ing path between the chopper and the dectors of about 1 atm m of CO 2. 
At 2300 ern-I, the transmittance of this path is essentially zero, although 
it remains high at both higher and lower frequencies. A high-temperaturE" 
source placed in front of the instrument caused most of the detector sig-
nals to be driven off scale; at 2300 em -1, however, the signal did not 
change by 'more than the noise level. This signal level did not change when 
',' 
the hot source was replaced by a source at liquid nitrogen temperatures. 
Thus, it was concluded that scattered flux or cross talk in the instrument 
wa not detectable. 
The radiometric calibration of the instrument was much more diffi-
cult and time consu:ming. If the digital signal from a detector at v. is 
1 
V(Vi ), 'Y'hen the ins,trum.ent views a source of radiance N(v i ), then these 
quantities are related by i 
25 
" 0 
J!D 
- -
N(v
1
·) = [V(V.) - V (V.)] x R(v.) - E h(v. )B(v., T h) 
1 01 1 C 1 1 C 
(1) 
where 
V (V.) = 
o 1 
digital signal with zero shutter in place 
R(v. ) = 
1 
responsivity factor of detector and amplification sys~·. '.n 
E = 
ch effective c hopper spectral emis sivity 
T 
ch = average or effective cho},per temperature 
B(v-., T h) = Planck black body function 
1 c 
These quantities were determined from data obtained when the 
instrument viewed a source of known radiance. This source was 
a cone of I-In length with an opening 20 cm in diameter. . It was 
machined from a block of aluminum ,and its inside was blackened 
with 3M black paint. The temperature of the inside surface of 
the cone was m.easured at 13 stations along its length to an 
accuracy of O. 05 K. Uniformity of temperature along the inner surface of 
the cone was maintained to 0.3 K by placing a field-of-view limiter of 
conical shape face-to-face with the black cone. The inside surface of the 
field-of-view limiter was polished and gold plated, and its temperature 
was held near that of the radiation sourc e. Prior experience with black 
body radiators of similar geom.etry (Sydnor, 1969) indicated that the 
\1 
effective emissivity of the source should be near O. 99. For this work, 
the emissivity was assumed to be unity. 
/, 
The temperature of the cone was controlled by placing it in vac~ulll 
and surrounding it by aUquid nitrogen cooled shroud. Electrical enel"~Y 
was added by heating coils wrapped around the outside of the cone to com-
pensate for the heat lost, and a'temperature uniformity 9£ 0.3 Kwas 
\-:' achieved along the cone. The calibration of the temperature sensors on 
'::'1 
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the cone's surface was verified, after the sensors had been installed on 
the cone; this was accomplished by comparlson with the temperatures 
given by a quartz crystal thermolneter which had been recently calibrated 
agains,t a JPL standard over a temperature range of 200 to 300 K. 
Platinum resistance thermometers were also used to measure tern-
peratures inside the spectrometer, chopper blades, and the calibration 
plate. These sensors were also calibrated against the same quartz crystal 
thermometer. In order to test all the sensors under operating conditions, 
the spectrometer was placed inside a temperature-c0I(t'folled oven 
(i 
purged with dry nitrogen. To allow a uniform temperat1i~e to be estab-
" 
", 
'-":c- -;:, 
lished throughout the instrument, all power to the instrument was discon-
nected except that required to activate the sensor under test. The cali-
brated quartz crystal thermo'm.eter was~-t~h.en placed close to the sensor. 
'~"::-~.; 
\' 
To achieve maximum thermal energy transf~r, the quartz crystal was 
',:;, 
painted black. It was found that the entire in;trument could be maintained 
at any desired tem-pe,rature between 230 and 290 K for periods of 12 h, or 
longer, without temperature drifts exceeding 0.05 K. Thus, the critical 
temperatures of the chopper blades and~the calibration plate could be 
= 0 
m.easured to an accuracy of :i:O. I K over a ran~e of :1::5 K on either side 
of the desired control temperature. 
The responsivity functions, R(v.) in Eq. (1), of the detectors and 
1 
amplifying s'ystem were then obtained by measuring the instrument outputs 
when viewing the blackened cone source at temperatures between 210 and 
300 K. It was actually found that zero output was observed when the 
chopper blade temperature sensor read approximatelY,1 K higher than 
the mean cone temperature. Because of the close approximation of the 
cone to an isothermal blackbody, it was concluded that this difference 
'" 27 
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, .;:u; t 
was caused principally by srnall temperature gradients over the chopper 
blade surfaces introduced by the n'lcth;ods used to control its temperature. 
A small part of the difference could be allocated to an emissivity of less 
than unity or to geometry_ The total effect of all these factors was to 
cause the apparent emis sivity of the chopper blade to be 0 _ 93 for all 
detectors. In a similar manner, the effective emissivity of the calibra-
tion plate was found to be 1. 02. Again, the principal factor was probably 
a small temperature gradient on the plate caused by the methods used to 
actively control the temperature. 
Having thus obtained the wavelength properties of each detec,tor 
channel, the responsivity factor of each channel, and the apparent emiss-
ivity of the chopper blades and calibration plate, the instrument perfor-
mance under operating conditions could be evaluated. The linearity of 
the instrum.ent was found to be within the accuracy of measurement (about 
10/0) for the radiaO:ce range to be measured. Change s in instrument 
responsivity, R{v.), due to changes in instrument housing temperature 
1 
were found to be large, but could be measured accurately by observing 
the signals with the calibration plate in position. 
-1 In summary, the calibration tests showed that, at 2300 cm ,the 
instrument could measure the spectral radiance of a 220 K blackbody with 
a spectral resolving power of 100 and a signal-to-noise ratio of 100 to an 
absolute accuracy of 30/0. The spectral locations of the detectors are 
I 
known to :1:2 cm -1 and the shapes of the ~lit functions to :1:50/0. There is 
no evidence of the presence of scattered flux or of electrical interactions 
between detectors. 
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4. Field tests 
During the construction of the mU:ltidetector instrument, the per-
formance of the scanning spectrometer (Shaw. et aI, 1967) and its 
~"~c_:radiometric accuracy were improved. A balloon flight of both of these 
instruments was made from Page, Arizona on /the morning of 19 February 
1967. Both instruments viewed the nadir and had, essentially, the same 
field-of-view. Since the gondola temperature fell below that expected, 
the temperature control systems of the spectrometers failed to operate 
properly except for a brief period near 09:30 MST. During the time the 
gondola temperatures were in the anticipated range, several sets of data 
from the multidetector spectrometer and one from the scanning spectrom-
eter were obtained. A comparison of the earth's spectral radiance as 
measured by the two instruments is shown in Fig. 3. The agreement 
throughout the entire region is excellent even though the spectral radiances 
vary by more than an order of magnitude. The agreement between 2300 
. -1 d h and 2380 cm ,where the earth's spectral radiance is Iowan were the 
! 
(( 
,\ 
presence of sca\~tered flux, noise, and inaccurate instrument calibration 
~'.~ 
-\,. 
is most likely to be observed, indicates that these effects are minimal in 
both instruments. 
A second flight of the multidetector instrument was launched from 
Palestine, T~xas on 11 July 1968. No cooling problems were experienced 
and 6 h of useful data were obtained at an altitude of 39km from 3-h before 
to 3-h after sunrise. During this entire period the temperature control 
systems of the chopper blades, calibration plate, detector assembly, and 
instrument housing performed as designed; stahle instrument performance 
-1 
was observed. At 2339 cm ,near the center ofc;!the CO 2 band, the 
measured signal-to-noise ratio was over 150. The results obtained in 
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one of the multidetector channels (2339 cm- 1) over the entire period of 
the flight are shown in Fig. 4. The measured brightness temperature of 
the earth did not vary from the m.ean value of 239 K by more than :1:1 K. 
The systematic variations in this temperature with time indicated that 
they were caused by,changes in atmospheric temperature rather than 
instrument variations. Analyses of the data. obtained during this flight 
are described elsewhere (Shaw et al. ,1969). It has been shown that 
atmospheric temperatures from the surface to balloon altitude can be 
measured to :1:1 K; if no clouds are present, the uncertainty in surface 
tempera,ture is :I:(f.3 K. 
The se tests have demonstrated the performance capability" of the 
instrument in a remote sensing environment. 
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Figure captions 
1. Optical configuration of the multidetector spectrometer 
2. Slit functions for the 35 'detectors of the multidetector spectrometer 
3. Comparison of radiance data from the scanning spectrometer and 
multidetector spectrometer obtained during the balloon flight on 
19 February 1967 from Page, Arizona 
4. Radiance at 2339 cm- 1 observed during the 11 July 1968 balloon 
flight from-Palestine, Texas with the multidetector spectrometer 
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Determination of the Temperature Profile in an Atlnosphere 
from its Outgoing Radiance* 
MOUSTAFA T. CHAur~'E 
Jet Propulsion Labol'ator,', Calijomia b~stitute oj Technology, Pasadena, CaUjornia 91103 
(Received 8 June 1968) 
A highly convergent relaxation method has heen developed for the inversion of the full radiative-transfer 
equation. The results of the iterative solution indicate that convergence can be achiev(~d over a wide range 
of initial guesses, enabling the temperature profile of a relatively unknown atmosphere to be unambiguously 
determined. The method is illustrated by examples for the outgoing radiance in the earth's atmosphere for 
the region of the 4.3-1' C02 band, but can be similarly applied in other frequency ranges. 
INDEX HEADINGS: Atmospheric optics i Transmittance; Photometry. 
T HE total upward radiance I(II,F), arriving verti-
_cally in a small solid angle (w::::::O) at a pressure 
level P of an atmosphere in a given wavenumber inter-
val v, is obtained by formal integration of the funda-
men~al radiative-transfer equation (RTE) , subject to 
a bl:ackbody boundary condition, and is conveniently 
reduced to read 
I (v,P) = EB[v,T.(P OnT (v,P 0) 
i ii ur(v P) + B[v,T(P)] , dp1 Po uP (1) 
where B is the Planck function, " is the transmittance, 
dependent on v, 1', and the temperature distribution 
T(p) between P and 1', Po is the pressure at the lower 
boundary, and E is the emissivity at Po. 
Following a proposal made by Kaplanl that the verti-
cal distribution of atmospheric temperature, T(p), 
can be inferred from measurements of outgoing ra-
diance, l(vi,F), i= 1,2, ' .. It, a number of sophisticated 
-but inconclusive attempts have been made to solve 
Eq. (1) for T(p). The history of these attempts is ex-
tensively discussed and referenced in a series of articles 
by Wark et al,2 A review of these attempts further dis" 
closes the need for discovering and employing to ad-
vantage other physical and mathematical PJ:operties of 
the RTE that relate the measured radiance to the de-
sired atmospheric parameter, and to a general method of 
solution. 
Past attempts to solve this problem, by linearizing 
the Planck function and reducing Eq. (1) to an nXl1· 
system of linear equations, failed because the resulting 
system is always,ill-conditioned. In fact, our extensive 
studies of the above method applied to the Va CO2 band 
show that, without introducing any darnping functionss 
We iterative solution converges only if the initial guess 
is accurate to at least 10-8 in T(p). However, my past 
experience3 with the same family of Eq. (1) strongly 
suggests that the R TE in its integral form is well be-
haved, and that its reduction to a linear system of 
equations is improper. 
The purpose of this work is to explore briefly an im-
pOl'tant property of the radiance emitted vertically from 
different layers of an atmosphere, and to apply it to the 
numerical solution of the complete RTE for the deter-
mination of the temperature profile. 
GENERAL FORMULATION 
The physical properties of outg~ing radiant energy 
from various layers of all atmosphere are such that at 
any pressure P within a wide range, 1'2<1'<1'1/ the 
total upward radiance can be related (e.g., from the 
mean-value theorem) to the Planck fUllction at l' by 
I(v,P)/J1(v,P)::::::B[v,T(P)J/B[v,Tl(P)], (2) 
where Tel') and TI(p) are two different temperature 
profiles in the same a tll1osphere, resulting in radiance 
values I arid It, respectively. This general feature is 
directly related to the fact that over a wide range of 
temperature profiles, the dependence of ,,(v,p) on 
changes in T(p) is negligible compared to that of the 
Planck function. Thus, if we select a set of i frequencies 
that satisfy Eq. (2) at an appropriate set of i pressure 
levels, we can readily use the above approximation to 
solve Eg. (1). In practice, it is more convenient to 
proceed first by factoring the Planck function interms 
of a flllction of temperatur.e only and thcn using the 
latter as a universal variable of iteration. 
To factor the temperature in the Planck function we 
write 
B (vJT)/ aJ/3= (e,,·/T -l)~l 
= X (T){1(v )6(v,7'), 
(3) 
(4) 
with a(p,T)=O(l). Since the temperaturc dependence 
of Eq. (3) appears as r"Ve-b,/'l', we replace the argument 
-b1i(T, within a small v-T range, by its least-squares 
• This paper presents the results of one phase of research carried 
out at the Jet Propulsion Ln.l)oratory, California Institute of 
Technology, under Contract No. NAS 7.100, sponSQred by the 
National Aeronautics and Space Administration. 
1 Lewis D. Kaplan, J. Opt, Soc. Am. 49, 1004 (1959). a Moustafa T. Chahinc, in Methods in CQ11Ipul4tio"al Physics, 
a D. Q. Wark and H. E. Fleming, Monthly Weather Rev. 94, Vol. 4,:K Alder, S. Ii'ernbach, and M. Rotenberg, Eds. (Academic 
351 (1966). 'Press Inc., New York, 1965), p. 83. 
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fit as 
(j= 1,2,3). (5) 
The limits of integration reflect roughly the frequency 
range in use and the expected temperature variations 
in the atmosphere. Solution of the a.bove 3X3 system 
of equations gives 
In(T"IT') v"+v' 
Cl=-b~-----­
T"-T' 2' 
(6a) 
evaluate IiI. Using Eqs. (10) and (7) again, ,"'e evaluate 
Xi2, then T2(Pi), and repeat the same procedure for the 
following iterations. When Xi"(T) is reduced to tem-
perature according to Eq. (7), the resulting values are 
tempera.tures at specific altitudes a.nd are not average 
values taken over an atmospheric layer. 
The rate of convergence is deterrnined from the 
residuals 
(11) 
or their average value 
(12) 
In (T"IT') 
C2=b , 
T"-T' 
(6b) The solution converges when~Ri)' ~ 0 for all Vi. 
and 
Ca= b(v" + v')/2. (6c) 
The scaled universal variable of iteration is then 
X(T)= exp[ -Ci- (CaIT)]. (7) 
The factored Planck function becomes 
in which the variation of X(T) with temperature can be 
several orders of magnitude greater than that of the 
second factor, as in the 4.3-J.L region of our example. 
By substituting Eq. (8) into Eq. (1) and grouping, 
the R TE takes its final form as 
p 
l(v,P)=X[T(Po)]A (v,Po)+ ( X[T(P)]K(v,P)dP, Jpo 
(9) 
in which the relatively weak dependence of 11 and K on 
changes in T(P) is not explicitly shown. Thus, the 
problem re<iuces to solving Eq. (9) for Xi when P is 
given together with a selected set of radiance values 
li(v,P) measured at i frequencies. 
METHOD OF SOLUTIQ.N 
We propose to solve Eg. (9) by iteration. We make 
a first guess TO(P) for Xio, and using this as input to 
Eq. (9), evaluate IiO(v,P) for the given atmosppere. 
The mechanism for generating the iterative sQlution is 
obtained from Eqs. (8) and (2), as prescribed ,in the re-
laxation equation 
(10) 
where tI is the order of iteration. From Eq. (10) we de-
termine Xii, then Tl(Pi), substitute it into Eq. (9), and 
APPLICATIONS AND DISCUSSION 
In the remaininp\ part of this paper we will demon-
strate how the schbme can be used to determine the 
temperature distribution in the earth's atmosphere 
from the spectral distribution of vertically outgoing 
radiance in the region of the 4.3-J.L CO2 band. 
A. Procedure 
To set up the problem, we' assume a temperature 
profile rep), determine the transmittance r, and use an 
accurate quadrature form~lla to evaluate the radiance 
li(v,p) for E= 1, PI Po= 0.009, and for the 39 frequencies 
from 2180 (5) 2370 cm-I [because our transmittance 
subt'outine had been designed to give r(v,P) at intervals 
of I' equal to 5 em-I in the above range]. The aim now 
is to take the radiance at a set of selected frequencies 
as simulated experimental data and tc) investigate how 
accurately we can retrieve the temperature profile 
l'(P). 
The results presented here were obtained according 
to the following sequence: 
(1) Select a set of ten sounding frequencies (Vi= 2180, 
22351 2245, 2260, 2290, 2295, 2305, 2315, 2370, 2360), 
corresponding to ten pressure levels (Pi/PO= 1.0,0.85, 
0.60, 0.40, 0.20, 0.1.0, 0.04, 0.025, 0.0135, 0.009). The 
selection of this set is not unique and its size is optional. 
The most efficient sounding frequencies, for numerical 
computation purposes, are those that satisfy Eq. (2) in 
the region where their contribution to the integrand of 
Eq. (9) is sul!fJ\antial. 
(2) Make \a;lf initial guess TO(P) and solve Eq. (9); 
check the residuals Ri" and (R7I)/lv, 'and satisfy 
convergence. ,," 
(3) COIJlpare the results with the exact answer, rep). 
Other pertinent? details of the above sequence will be 
presentee} along with our examination of the following 
results. 
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FIG. 1. Temperature profile, from ten sounding frequenc.ies, at 
the fifth iteration using the U. S. Standard Atmosphere as initial 
guess • ••• , iterative solution. -.-., exact profile. - -, initial, 
guess. 
B. Discussion of Numerical Results 
Figure 1 shows the results of the fifth iteration using 
the U. S. Standard Atmosphere as initial guess. The 
temperature profile computed at ten pressure levels 
(not layers) has an average accuracy of 1 K. In the cal-
culations, the transmittance T was left unchanged from 
that of the Standard Atmosphere temperature profile. 
When T was recomputed after every iteration, to 
account for changes in the temperature profile, the 
results improved slightly. When other sets of Pi were 
used as sounding frequencies, the corresponding results 
compared favor.ably with those shown in Fig. 1, indi-
cating the general prevalence of the feature given ill 
Eq. (2). The integral in Eq. (9) was evaluated by using 
a modified Simpson's rule and a second-order inter-
polation formula for the intermediate values of 
temperature. 
The rate of convergence at each of the selected' ten 
sounding frequencies, as well as that at each of the 29 
remaining frequencies was checked after every iteration. 
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FIG. 2. Temperature profile, from ten sounding frequencies, at 
the eighth iteration using as initial guess anyone of three iso-
thermal profiles: 280, 240, or 200 K . ••• , iterative solution. 
~'~-", exact profile. - -, initial guess. 
The average rates of convergence (Rn)avl listed in 
Table I, were taken over all 39 frequencies. Examina-
tion of this list clearly reveals the stability and con-
vergence of the iterative solution. 
A similar examination of the average rates of con-
vergence of the temperature profile Tn(p) indicates that 
an average accuracy of 1 K is achieved when 
(R" )n ... · < 3%, and that an average accuracy of 2-3 K can 
be achieved when 5% < (Rn )av< 7%. The above results 
offer an initial indication of the effect, on the accuracy 
of the final profile, of errors in the measurements of 
radiance. 
Figure 2 shows the results of the eighth iteration using 
the same sounding frequencies as in Fig. 1, but using as 
initial guess anyone of three isothermal temperature 
profiles: 280, 240, and 200 K. The transmittance Twas 
recomputed durillg the first five iterations only and was 
kept unchanged afterward. After the fifth iteration, 
the results for all three (very different) initial guesses 
converged to the same profile, ~id became indistin-
TABLE I. Average residuals (R"}.v, %'. 
Initial guess 
TO(P) 0 1 
U. S. Standard 26.30 6.97 
. Atmosphere 
280K 920.10 21.74 
240K BO.23 21.86 
200K 90.89 22.42 
",:, 2 
2.25 
10.11 
10.33 
10.76 
Order of iteration, n 
345 
1.52 1.02 
5.49 2.88 
5.49 2.85 
5.5~,\ 2.M 
:aoo..:.s..., .. .,._ 
0.73 
1.35 
1.33 
1.31 
6 
0.54 
0.81 
0.79 
0.79 
~.-
• The relative error caustu b)' the nllmeri<;ul quadnuure precludes making the averaae residual, tess than 0.39%. 
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guishable on the scale of Fig. 2. The fact that the same 
set of sounding frequencies gave equally good results 
for all of the cases demonstrates the strong persistence 
of the basic feature mentioned following Eq. (2). 
The rates of convergence for these three initial 
guesses were remarkably similar and the residuals de-
creased very sharply. The results listed in Table I show 
a spectacular example of convergence for the case of 
Tl(P) = 280 K; there, the average residual decreased 
from an initial value of 920.10% to 21.74% in just one 
iteration. 
Convergence occul'rcd first at the lower levels of the 
atmosphere, then spread upward. Thus, h~~hcr.:0rder 
iterations tended to improve conv~rgence atl~t!1d upper 
levels at the expense of accumulatmg truncatfon errors 
at the lower levels. We note in conclusion that the nu-
merical results shown here do not represent the best in 
the art of computational refinements; we believe that 
this method is capable of far greater accuracy. 
CONCLUSION 
The great advantage of the approach discussed here 
is that it has exploited a dominant physical property of 
radiance occurring over a wide range of frequencies, and 
rel~'\ted this property to an efficient relaxation method of 
solution j it can be easily adapted for use in different 
frequency ranges, such as the 1.5-,u CO2 band and the 
microwave regions. 
The resulting inversion scheme provides a reliable 
tool for practical sounding of temperature with the 
accuracy required for use in numerical weather fore-
casting in the earth's atmosphere. Perhaps more im-
portant, this method is also suitable for unambiguous 
determination of temperature profiles of the compara-
tively unknown atmospheres of other planets. The time 
required for the reduction of a set of measured radiance 
values to the temperature profile shown here is very 
small; the calculations are simple and can even be 
carried out on a desk calculator. Thus, a readily feasible 
system for the reduction of the measured radiance 
values can be arranged to produce temperature profiles 
simultaneously with accumulation of data. 
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Mous tafa T. Chahine 
Jet Propulsion Laboratory 
Californialnstitute of Technology 
Pasadena California 
- \ 
" 
*This paper presents the results of one phase of research carried 
out at the Jet Propulsio, Laboratory, California Institute of Tech-
nQlogy, under Contract No. NAS 7-100; sponsored by the National 
A.ronautics and Space Administration. 
Submitted for publication in the Journal of the Optical Society of 
America. 
41 
-, , 
l 
,., 
.. 
ABSTRACT 
It is sh0wn that the relaxation method for inver se solution of the full 
radiative tranbfer equation leads to unique temper~ture profiles. Apart 
from its attr~ctive simplicity, the algorithm is also capable of discriminating 
between noise and valid information without any need for data smoothing. A 
set of new inverse problems is formulated for the determination of the 
concentration of absorbing gases in an atmosphere, the extent and height of 
clouds, and surface elevations. The propo sed methods are illustrated by 
examples in the ear,th's atmosphere for the region of the 4.3-1-1 COZ band. 
INTRODUCTION 
Inversion problems arise when the structure of a physical system is 
to be identified on the basis of observations of its 'output. 'The earth's 
at,mosphere forms such a system suitable for study. Kaplan I has suggested 
an observational technique to d,etermine the vertical thermal structure of an 
atmosphere from measurements of the emerging specific intensity as a 
function of frequency, within appropriately selected spectral regions. A 
I, '~\ 
general algori~hm for solving this problem by relaxation was developedZ and 
applied for independent determination of atmospheric temperature profiles 
without any..!. priori knowledge of the forms of the expected solutions. "', 
The present article discusses th~ problems of UJ?iqueness and 
stability associated with the relaxation method of solution and in the 
presence of errors in the observations. As a consequence of the high 
stability of this nonlinear method, we formulate a new set of inverse prob-
lems for the determination of other important atmospheric characteristic s 
connected with the internal atmospheric radiative flux, snch as the concen-
tration of absorbing gases, cloud top height, fractional cloud cover t and 
s.urface elevations. 
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In the illustrations discussed in the text, the initial guess is taken to 
be an isotherrn.al temperature profile at 200 K unles s otherwise stated. 
THEORETICAL BASIS 
. The steady-state radiative transfer equation (R TE) for a plane paral-
leI atrrlosphere in local thermodynamic equilibrium, neglecting scattering, 
appears as a set of linear, first-order, ordinary differential equations, one 
for each frequency. The form of the fundamental R TE appropriate to our 
purposes is 
cose dI(v,z,e) = [ ] p ( ~ ) k ( v) d z B v, T ( z) - I( v, z, a), (1) 
where I is the monochromatic radiance at frequency v and in a direction 
forming an angle e with the local vertical z, the absorption coefficient is k(v), 
and p(z) is the density of the absorbing gas. The source function B is given 
by the Planck blackbody function as 
[ ] , 3 I bv/T B v, T ( z) !:; a v t (e - 1), (2) 
where T(z) is the temperature at height z. 
It is conveniet,lt to' transform the vertical height z to pressure p through 
r 
the hydrostatic1~quation, 
p (z) d z = ( .,. w / g) dp, ( 3) 
where w is the mas s mixing ratio of the absorbing gas' and g is the gravita:-
tional acceleration, and to define 
(4) 
as the transmittance by a column of abf;lorbers between levels p and, p. 
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The intensity of the vertically outgoing monochrOlnatic radiance 
arriving in a sITlall solid angle (so that e ~ 0) at a pressure level P and fre-
quency v is obtained by direct solution of Eq. (1), subject to a blackbody 
boundary condition at the surface PO' and is given by 
(Sa) 
in which aT/a In p ITlay be considered a weighting function, and EO( v) = 1 is 
the emissivity in the direction e = 0 at PO' 
The requireITlent of finite spectral resolution, however, necessitates 
carrying out a frequency integration of Eq. (Sa) over an interval [vI' v2 ] to 
yield.: 
. fIn p ] 
+ ' B[ v', T(p)]a~~ p d. In p dv l , 
In Po ' 
(Sb) 
where cp(v, VI) is the instrumental slit function. 
The direct problem is relatively simple. It consists of the integral 
J\ 
operation given in Eqs. (5) which tra~sforms the variation of temperature 
'with height into variation of the emerging radiance with frequency. But 
I 
despite the sim.plicity of the direct problem, the inverse problem turns out 
r~~~t 3 
to b)!':'a di~ficu1t task. Part of the difficulty in reconstructing the tempera-
'ture 2rofile from the radiance is associated with the fact that Eqs. (5) form 
':---
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a set of integral equations nonlinear in T(p) and that the conditions of the 
problem preclude its reduction to a linear system. 
However, the extraction of T(p) from under the sign of integration of . 
Eqs. ,(5) is possible because, for certain frequency ranges, the transmittance 
T between any pressure level and the measuring instrument is a strongly 
weighted function of frequency and altitude; i. e., the integrand of Eq. (Sa) 
reaches a maximum value at diffe,rent heights according to the frequency. 
Because of the high attenuation of the weighting function, the change in 
the outgoing radiance for one frequency v. and the change in the Planck func-
, J 
tion at one pressure level p. can be related by the relaxation equation, 
J 
I( v., p) 
] 
II (v., p) 
J 
B[v., T(p.)] 
= J J B[v., T'(p.)]' 
J J 
where T an~ TI are two diffe~ent temperature pro~i1es, and Pj is any level 
(6) 
at which the contribution .of the integrand of Eqs. (5) to I(v., p) is substantial. 
. . . ____ ~J ____ . ____________ _ 
Since most of thf' vertically emerging radiance at the strongly absorb-
.. ing frequencies arises from the upper regions of the atmosphere, and since 
that'of the less attenuat1tng frequencies cbmes from progressively lower 
levels, a set of sounding frequencies CQuld be selected to sound the atmo-
sphere at different pressure levels. The size of a set of sounding frequen-
cies is defined by the degree of vertical resolution required and is limited 
by the capabilities of the lueasuring instrumelrt. The population of a set of 
I ~ ' .• 
sounding frequencies is not unique. 
ITER A TIVE METHOD OF SOLUTION 
Let us ascsu'me that measurement/?' of the outgoing radiance I( v., p) are 
, J 
available at a discrete set of j sounding frequencies and that the composition 
. ";-,.--. --:'"'--.. -- ". 
_ .. _--- ,-----,-" 
, 
, ~f 
of the atmosphere, cp{v,v
'
), and p are known. Wecannowproceed 
to determine the corresponding temperature profile "r(n)(p), where 
. n is the order of iterations: 
- < 
1. Make an initial guess, n == 0 for T(n)(p.). The initial guess can 
J 
be almost any function, constant or otherwise. 
2. Substitute T(n)(p.) into Eqs. (5) and, using an accurate quadra-
J 
ture formula, evaluate the correspol1ding values of the outgoing radiance 
I(n)(v" p) for the given set of sounding frequencies. 
J 
3. Compare the computed radiance values I(n)(v .. p) with the mea-
J . 
sured data I(v., pl. If the residuals, 
J 
IT. - 1.1 
::; J J 
1. 
J 
-0 , 
approach zero for the individua.l sounding frequencies, or in a root-mean-
square ssense < R (n» ,then 'T(n) (p.) is a solution. 
rms J 
( 7) 
4. If the residuals are different from zero, we apply the rela:x:ation 
equation j times to generate a new guess for the, corresponding values of 
temperature T(n+l)(p.) at the selected j pr~ssurelevels. From Eqs. (2) and 
J , ;, 
(6) the relaxation equation takes the form 
bv. 
(8) 
In this operation" each s!?""'ding frequency v. acts at one specific pressure 
,'.' ":, J 
levelp, to relax T(n)(p.),:j T(nt l)(p.). 
J , J J 
5. With this new set of temperature values, go back to step 2 and, 
repeat until the 'l"esiduals approach zero, 
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UNIQUENESS OF SOLUTIONS 
The relaxation nlethod of solution has been applied to invert synthetic 
radiance data generated by a computer from a set of model temperature pro-
. 
files. in an atmosphere having a constant CO2 mixing ratio of 462 X 10-
6 by 
mass, The spectral interval selected to illustrate this study corresponds to 
-1 the 33 frequencies 2195 (5) 2355 cm . The transmittance subroutine Qsed 
-1 gives values of T(V, p) at intervals of freqQency eqQal to 5 cm . in the 4. 3-fJ. 
CO2 band. The instrumental slit function cf>(v I v') is taken to be triangular, 
symmetrical with 1,'e spect to v, and having a base width equal to 40 cln,..l. A 
typical example of the accuracy of the reconstructed temperature values is 
shown by the solid circles in Fig. 1. 
There are two interesting properties of the results dfFig. 1 which 
call for comment. First of all, examination of the solutions obtained by 
using as an initial guess anyone of the isothermal profiles at 200, 250, and 
300 K, or the U. S. Standard Atmospher~ tewperatt,lre profile, shows that 
all the reconstructed temperature valUes reproduced very well the original 
profile in less than seven 'iterations and that the avel'age absolute erJ."or in 
the reconstr\.Jcted temperature (AT) aV is less than 0.1 K, i:rrespective of 
the initial guess. Secondly, when a small perturbation of the order of IK 
was superimposed on the, eJCact profile and the resulting profile used a$ .Jl.n 
initial guess, the solution c:onve:rged with equal rapidity, The value of 
<AT) av decreased from 1 K to 0.74 K in one iteration only, These 
:results show clearly thC1.t the final answers eto not depend on the initi'al 
guess al\d that convergence i~ guaranteed f()r' large as well as small per .. 
;) 
turbation solutions. Typi.cally, 3 sec9nds are required ~n the 113M 7094 
t9 c()mpute the temperature vaJues shown in Fig, 1. 
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To pursue further the question of uniqueness, we studied the dependence 
of the solutions on the population of different sets of sounding frequencies. 
Some of the more salient features of. the results are described here. 
First, when we repeated the case of Fig. 1 using different sets of 
sounding frequencies, all in the 4. 3-~ CO 2 band, we observed that the corre-
sponding results showed no significant change in the final answer. In fact, 
the size of the solid circle in Fig. 1 is large enough to envelop the whole 
falnily of solutions resulting from seven sets of 10, three sets of. 22, and the 
one set of 33 sounding frequencies. 
Secondly, we noticed that the residuals R~n) of the individual sounding 
J 
frequencies do not converge simultaneously at the same order n of iteration. 
The reason for this is that in any given £requen~yrange the absorption prop-
erties of the atmoliphere do not allow for the selection of a uniforrn /!let of 
sounding frequencies whose elements, l(v,), h~ve eq\la~ information content 
J 
with respect to their as signed pres sure levels p.. Therefore, the e££ect of 
, J 
-·higher-order iterations tends to bnproveic the solution correl:1ponding to those 
inefficient soullcling £requenc.ies, i. e., for which convergence of R~n) is lag ... 
ging, at the expense of accumulating truncation errors at the other sounding 
frequencies. In this circumstance it may be useful to allow the inefficient 
frequencies to continue their relaxation while inhibiting further the sounding 
frequencies which have already converged. Ideally, the selection of sound", 
ing frequencies jointly from several appropriate frequency ranges ahould 
provide a mor~ efficient set. 
As a conseqQenc~ of thia ef~icjency criterion, the vertical resolution 
pf amall details in a profile cannot be determined for, a single preJs\u"e layer 
at the exclusion of the :r.eat of the profile. The temperature val"e~ obtained 
accorcling to the pTesent algorithm show that the poweT oiresolution is 
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Bmited by the size of the set of sounding frequencies, their individual 
information content, and the width of the weighting functions. This leads us 
to adopt the following inversion principle: Any temperature variation relate.d 
to observable variations in the emerging radiance can be reconstru~ted. 
STABILITY OF SOLUTIONS 
The fact that the present iterative process conv.'rges to a given limit 
does not of itself imply that the resulti~ a practical, remote sensing experi-
ment will Clpproach this limit. The present relaxation method of solution is 
nece~ sarily a discrete nUlnerical process in which the concept of formal con .. 
vergence plays hgrdiy any role, although it is involved in the analytical 
arguments by which the process is estClblished. Therefore, our conclusions 
concerning stability and convergence should be judged according:~o the extent 
to which the present algorithm suppresses the effect of quadrature, random, 
and systematic errors on the final temperature profile. In the present work 
the rate of convergence w.ill be judged by the rate with which the residuals 
R ~n) of Eq. (7) Clpproach ~ero. 
J 
A. Quadrature Errors 
The effect of qpadratQre errors on the final answer depends on two 
sources: Olle of these is computational, resulting from the integration of 
Eqs. (5) for the evaluation of I(n)(vj'p): the oth~;r is que to interpolations' 
resulting from the inability of a discrete s~t of points to fit the whole tern ... ' 
perature profile exactly eVen lor p~l:fect answers. In t.he result~ shown in 
Fig. 1, a modified Simpson's rule was used to evaluate Eqs. (5) with a. 
first-order interpolation formula for the intermediate, values of temperatur~. 
I: 
The temp~;ratu:r~ profile in Fig. 1 is r~~latively amooth, and the I,H,e of ~" 
higber .. order interpolation formulA or a larger numb~r of sounding frequen-
cie s is not warra:pteg, 
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B. Random Errors 
The question of the propagation of random errors is a critical one and 
depends on a number of factors, including the spectral region in which the 
# 
observations are made. In examining the tolerance of this algorithm to ran-
dom errors, the effect of their distribution, their maximum values, and 
their rms values will be taken into consideration. 
To obtain a feeling for the stability of the solution, errors were pro-
duced by a uniform random error generator subroutine i then they were added 
to the exact synthetic data, and inversions were performed for a variety of 
cases as in the previous section. In the results shown in Fig. 2, a set of 
10 random errors having a maxirnup"1. value of 9.3% and a rms value of 4.8% 
;;:?=~ was superimposed on the exact synthertic data of Fig. 1. The reconstl:ucted 
r( )i f~=' 
\0=,j(~,,=fiemp~\r~ture values show an excellent tolerance to random errors. The 
average absollJte error <~T>a~ in the temperature here is 1. 5°~/; 
Since the present inversion scheme is nonlinear, the effects of random 
errors must be examined for each case sepa,rately. The results df some l.~-~ < 
thirty cases s.tudied are sumlnarized in Fig. 3. They show that~'\~lirespec-
tive of the !;lize of the set of sounding frequencies, in observations ~acre} in 
ii 
/1 
the 4. 3-", regi~n. a temperature accuracy <~T> av of 1 K c~J) be exprcCted 
with a Z % rms random error in observations, and an accuracy of Z- 3 K 
can be e~pected with a 5- 7 % rms ert'or in obs.ervations.! 
The effects of random errors in observations vary according to the 
frequency ~nd can be estimated in principle f:r.o~ ,Eqs. (2) and (5a), We con", 
sidet' an ideal s.et of sounding frequencies for which the weightingfunctioDs 
form a pel"fect s.et of delta functions. The dependence of errQrs in the 
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telnperature solnti.on on randOln errol'S can ho obtained by differentiation of 
th(~ blackbody function with re spect to h:.rnpernturo, to yield 
Il 
" (,\ -, 
~T =. [bvIT2(1 - ;.-bv/T)J(~!lf/B)). (9) 
~, , 
<:-" /) 
\~., ;/ 
Equation (9) shows that a relative error AB IB in me1\:suring the blackbody 
radiance will be multiplied, by the expre s sian between brackets, when the 
radiance is inverted to temperature. This ideal multiplication factor is a 
function of frequency. A conlparison of this factor with the slope of the 
least-squares -fit line in :F'ig. 3 turns out to be very satisfactory. 
Perhaps more significant is the effect of random. errors in Ineasure-
ments on the behavior of the residuals R~n) of Eq. (7). In the case of Fig. 1 
J 
, for zero random error s in observations, we recall that the solution con-
verged after a ~mal1 number of iterations. The variations of the corre-
/ ' 
sponding rms value of the residuals, c;R(n»rms l with respect to the order 
of iteration is shown as the lowest curve in Fig. 4. By contrast, the upper .. 
most curve cOl'responds to the case of Fig. 2, with an rms random 
error of 4.8%. 
A closer exarl,1,ination of the va.rious results shown in Fig. 4 reveals 
that the res~duals tend toward different a,symptotic ,,$alues according to the , . ' . 
values of the ~Qrresponding random errors in observatiolls. For zero ran ... 
dam er,:ors, th€1 asyn1.ptotic value is equal to the quadrature ~rrors, 
" 
Thus, in the presence of randon)' errors in meaSLl,relnents the residuals 
do not give a false indication of C:QnVel'gence; they will not ten<;l toward zero, 
The residuals fh:st decrease and then approach an asymptotic value Qf the 
same order of magnitude as the errors in measurements~ Thh suggests 
:) 
that the iterative process should be terminated when <a(n» becomes 
, . rms 
equal to the value of rms errors in lTIeaSj(\,;rements. The effect of continued 
\ ' 5l i ' 
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" , 
iterations beyond this point does not increase the amount of information 
extracted from the'radiance observations; it simply increases the rate of 
accumulation of cornputational errors in the reconstructed temperature 
values. 
The solid circles in Fig. 4 correspond to the terminal orders of iter-
ation at which the average absolute error in the reconstructed temperature 
values (AT) is within :r0. 1 K of the minimum. The solid circles occur av ' 
always in the region of maximum curvature of the variation of <R(n» 
, rms 
with respec~ to n. 
Finally, we have observed that the propagation of an error arisi,ng 
frombpe sounding frequency appeal·s to be limited m.ainly to the correspond-
ing pressure level and affects slightly the temperature values at the two 
adjacent levels. The reasons for this can be found in the quasi-relaxation 
approach of the present algorithm, which is particularly adaptable to the 
\\ 
solution of integral equations with highly attenuated\integrands. 
C. Systematic: ~rrOr$ 
Transmittance errors are syste,matic erl'ors resulting from an approx-
imat~ knowledge of the composition and properties of the atmo~phere. The 
. 
effect of systematic errors on the behavior 'of the residualsi.s qualitatively 
similar to the effect of random errors i that is to say, the larger the error 
in transmittance. the larger the corresponding asymptotic value of the re,sid-
uals. And inversely) the residuals tend to their minimum value when the 
err","l,rs in tran~.JUittance are'minimum. We show ~e'Xt that by investigating 
the cOn~equences of adopting the critel'ion which we shall call minimi~ation 
of there siduals, we can develop a satisfactory method for the determination, 
,;q, of several other meteorological par'ameters. 
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DETERMINAl'ION OF ATMOSPHERIC PARAMETERS 
A. Concentration of Absorbing Gases 
The emergent intensity is a function of w, the ratio of the maS9 of an 
absorbing gas to that of the whole atmosphere. Thus, for a given transmis-
sion law, w can be determined by the principle of minimizing the residuals. 
According to this principle, we seek by- iteratton the value of w which ren-
del'S the residuals minimunl, assuming the concentration of the other active 
gases to be known. 
As an illustration, we applied this method to the synthetic data of 
Fig. 1, assuming~' however, the value of w (which is equal to 462 X 10- 6) to 
be unknown. The results in Fig. 5 of the twelfth iteration clearly show that 
the residuals have one minimum at the correct value of the mixing ratio. 
The results of the third iteration, for which T(p) is far from having con-
verged, show that a good approximation to the value of the mixing ratiQ can 
be obtained with just a rough knowledge of the temperature profile. 
B. Extent and Height of Clouds 
The presence of clouds in a fraction N of the field of view of an instru-
ment modifies the mean absorption propertie~ of the atmosphere within the 
narrow solid angle of observations. The effect of these clouds depends on 
their thermodynamic properties and is a func'tion of their height p. Equa ... 
-c 
tion (5a) does not account for the presence of clouds; the transmittance is 
9Qrnputed for a clear field of vh:w. Thus, inverse solutions of Eqs. (5) for 
radiance observations ill the presence of clouds should not converge to the 
c~rrect temperaturt(·prqfi:~e. The results shown in Fig. 6 are for a numer-. 0, 
ie'al e~erinlen,t in which the synthetic radiance data were generated on a 
. ~ .I 
-i~Qmputer {OJ" valuefi! of N equal to O. 0(0. 20) L 0 and for ,a, ain.gle layer of 
clQudfi! behaving li~e a blackbody' in eq'uilibrium -with the. local ambient 
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temperature at Pc = 400 mb. The resulting inverse solution of Eqs. (5), in 
which T was evaluated once for the U. S. Standard Atmosphere temperature 
profile, shows different temperature values below the clouds corresponding 
to the different values of N. However, as a result of the high attel1uation of 
the integrand of Eq. (Sa), the reconstructed temperature values above p 
c 
remain almo~t unaffected by the presence of the clouds. At the cloud level 
Pc this results in a difference of ",1 K in the value of T(pc)' Thus, the cloud 
top height Pc can be directly deduced fro'm the cloud top temperature T(pc) 
without any knowledge of the extent of the cloud cover. 
The definition of the fractional cloud cover N is obtained f~'om the R TE 
for a partly cloudy atmosphere. If we c.onsider a single isothermal cloud 
layer acting like a blackbody at the local ambient temperature with (0 ;; 
~. = I. then 
c 
I(v, ji) ~ (1 .. [ f In p ] N).hB'f')o+ B1)rT dlnp .np 
-, \ In PO . 
(10) 
We group terms on the RliS of E:q. (10), conform with the instrume.ntal Iillit 
(/' 
fllnction according to Eq. (Sb), and write 
(l1) 
i ~ 
EqQation (11) ~tate~ that the. u\easllred l'i\diance i~ equal to the value that 
\\ I 
. w~uld be received had tije field of view been completely clear m\n"~ the ra.di", 
(i k-
anCe obscured by the prtHJenCe of the cld~ds. The ~~~tlBion oiN,ia defined 
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by selecting a cloud"dependent frequency, say v i' having a substantial 
radiance contribution from t.he lower level of the atmosphere. If 1. is the 
. 1 
measured intensity at such a frequency, it follows from Eq. (11) that 
1. _ I~lear 
N = 1 1 ~~=---'!'" G. (12) 
1 
Equation (12) give s N as a functiQD.al transform of the llnknown temperature 
profile. 
We substitute Eq. (12) into Eq. (10), but alas, we find that t;;~e corre-
sponding residu'als R.~n) defined by Eq. (7) are nearly satisfied for all the 
. . . . 
cloud ... dependent fre9uencies and fo:r any temperatu:re profile unqer the 
clouds. Thus, in ol'de:r to determine accQrately the value of N and obtain a 
-
uniq~e solution of the temperature profile under the clouds, we need an e~tra 
paramete:r such as the val~e of~he tempe:rature at any level below the. clouds! 
$~y T(PO) at the g:round. 
We conclude,,, ,therefore, that a knowledge Qfany one of the parameter 
... " .. 
oombinations (pc'" N), (po .... TO)' (To'" N), or (To" TO) is sufficient to 
, 
in$~l"e a unique solution o£ Eq. (1 0) fQ~ the. determipation Q£ the whole t.em .. 
perature profile T(p). 
Figure 7 shows the res~lts of. a hypotheti.cal ex;ample for N ::; 750/0 and 
Po :;; 400 mb. The synthetic radianoe data. fol' the same set Qf sounding 
fJ!e.queno:h~s a~ in Fig. 1. were generated on a oomputer~ The inverse sol\~.-
tion of ~q~ (10) was obtained by ,th~ :rel~xation' method. a.S $l.uning the campi.., 
n~tion (T
c 
,. To) i$ known, with Tc ;; a4a 1<: anq T Q =< 278 K.f The 
I 
:reccmitr~cted t~mperat"r~ val~e.~ enjoy the same IJnique and ~table p:rope~[ ... 
'i; ties of aolution as for cl.ear: nelda of vi.ew. Tbe reconstructed \l"alUefJof tf\e 
, I 
I\, 
, 
II 
\' 
'\ 
.. 
-~ ~-~'---""'-----""t .... "...-,...-...... -------.. , 
re.sults were N ::: O. 756 and p ::: 395 mb. 
c 
The corresponding error in the 
reconstructed temp~._ rature profiles <~T> is the same as for the case of 
av 
Fig. 1. 
;", 
\.\ 
In. the process of a continuous probing of an atmosphere, the height of 
clouds Pc~aD:be estimated frOIn the temperatl)re profile reconstructed from 
the last observations made under clear conditions. Using this profile as 
input into Eqs. (10) and (12), we compute the re siduals for different value s 
of p. The value of p which minimizes the residuals corresponds to the 
c c 
cloud top height. 
C. Surface l!::levation 
Land masses are. not transparent to thermal radiations in, the 4. 3-fJ. 
and 15-fJ. regions. No informatiop can be received.frombelpw.the surface, 
and h~nce the reconstructed temperature profile is always isothermal below 
the, surface level. In the 4. 3-fJ. region, and for an instrun1.ental slit function 
of 40 em -1, the high ver'(;ical tal~1.perature resolution pe.rrnits ~urface eleva-
tions to be determined to within ~5- 50 nlb. 
Certain tYPes of clouds are also opaque to thermal radiation, and in 
.' - \) . ,/(! 
the case of a full ove.rcast the inferred tempe'i~at!1re profile will be isothermal 
. \\ 
r~ \\ 
below the cloud: top a$ shown in. Fig~ 6 for the case of N ::: 1. 
CONCLUSION 
E~act numerical $olution.s of the R TE are obtained for the determina-
tion of the tempe~!ature profile and othel." atmospheric parameters. Thle 
graphica.l.iiUustr~tions preaented in the text could have been made· for inver-
. - . (~, 
ei(i.Il\fi1 of a ~et of ~l or 33 sounding freqtf~r~d\t~s (see Fig. 8) wiithout affecting 
any of the derivec:l con~?lusions. The pre~~nt algorithm is capable of making 
j? , \\~:~._ .; 1', 
maXimum '-~~\e of the ~hfor.mation avail.~ble in' the obse:rvati~;ns: therefore, it 
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is desirable to apply this ITlethod jointly in the 15-J.L and 4. 3-J.L CO2 band arJd 
the ITlicrowave region. 
Apart froITl 'these applications, the ITlethod is of intrinsic interest in 
that i~ provides ITluch needed insight into the internal structure of the radia-
tive t~ansfer equation and consequently should aid in the proper design of 
reITlote sounding experiITlents. Perhaps of equal iITlportance, the present 
algorithITl furnishes a valuable check on the accuracy of other data reduction 
schemes. 
In a related test, the present rn.ethod was successfully applied to reduce 
experiITlental radiance data ITleasured during a balloon flight of a 4. 3-J.L CO2 
band grating spectroITleter. The agreement between the reconstructed and 
measured (by radiosondes) teITlperature profiles was excellent under various 
rn.eteorological conditions including partial cloudiness. Discussion of these 
results, however, falls outside the intended scope of this paper and will be 
, 4 
the subject of a separate study. 
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FIGURE CAPTIONS 
Fig. 1. Comparison between the exact temperature profile and the 
l . 
reconstructed temperature values for synthetic data with no errors. 
Fig .. 2. Comparison between the exact temperature profile and the recon-
structed temperature values for synthetic data with random errors 
having a maximum value of 9.3% and a rms value of 4. 8%. 
Fig. 3. Effect on the accuracy of the reconstructed temperature values of 
random errors in data. , least- square- fitted straight Ene. 
----
Fig. 4. Variation of the residuals with respect to the number of iterations . 
• • • , possible terminal order of iterations. Horizontal arrow 
indicates the level of the rms values of random error in data. The 
; initial guess is a U.S. Standard Atmosphere temp~rature profile. 
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Fig. 5. Determination of the mass mixing ratio of an absorbing gas in an 
atmosphere by the criterion of minimization of the residuals. 
Fig. 6. Comparison between the exact tempera.ture profile and the recon-
~tructed apparent-temperature values according to Eqs. (5) in the 
presence of clouds. 
Fig. 7. Comparison between the exact. temperature profile and the recon-
structed temperature values according to Eqs. (10-12) in the pre-
sence of a fractional cloud cover. 
Fig. 8. Comparison between the exact temperature profile and the recon-
structed temperature values. Observe the high vertical resolution 
obtained from 22 sounding frequencies with an instrumental slit 
function having a base width of 40 cm- 1 in the 4. 3jJ. region. 
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ABSTRACT 
Methods of determining the spectral brightness temp~rature, the 
spectral directional emissivity, and the actual temperature of the 
I 
earth's surface, and of clouds from observations of the earth's' spec-
tral radiance between 2500 and 2655 cm-1 are described. These methods 
have been used to obtain nighttime and daytime surface temperatures 
and daytime cloud top temperatures from earth radiances measured by a 
balloon-borne multidector grating spectrometer. The computed tempera-
tures have been verified by comparison with other data. 
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Introduction 
There is considerable interest in determining properties of 
the earth's surface and atmosphere from measurements of the outgoing 
radiant flux from the earth made by instruments carried by aircraft, 
balloons, and sa'cellites. Thus the vertical temperature profile of the 
atmosphere from the surface to above 10 mb can be inferred (see, for 
example, Kaplan, 1959; Hilleary et al., 1965; Chaney et al., 1967; and 
Shaw et al., 1967) from measurements of the outgoing thermal flux in 
spectral regions such as those occupied by the strong bands of CO2 at 
670 and 2350 em -1 and of oxygen near 2 cm-1 where the atmospheric absorp-
tance is high and a known fUnction of the atmospheric path viewed. The 
temperature profile of the lower atmosphere derived from such obser-
vations is strongly influenced by the surface radiance and it is necessary 
to know this radiance and the corresponding spectral brightness tempera-
ture accurately. 
The surface brightness temperature can be obtained from the earth's 
radiance in the atmospheric "windows" which occur (1) below 2 cm-\ (2) 
from 700 to 1200 cm -1 and (3) from 2000 to 3000 cm-I • The spectral region 
from which temperature information of this type can be extracted is re-
stricted to 0 to 3000 em-1 because of the rapid decrease at high frequen-
cies of the spectral radiance of the earth due to thermal emission. 
Within, these limits jL t is advantageous to use the highest frequencies 
possible because of the improved temperature discrimination available. 
For ex~ple, if the flpectral brightness temperature of a source of high 
emissivity and at a tiemperature of 270 K is to be determ.ined from 
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observations of its spectral radiance at 2, 1000, and 2500 cm-1 made by 
instruments which give a signal~to-noise ratio (SNR) of 100, then the 
uncertainties in the temperature obtained from the Planck blackbody 
function are 2.7, 0.5, and 0.2 K, respectively. 
Although only the surface brightness temperature is required to 
infer the atmospheric temperature profile there are many meteorological 
studies, such as investigations of energy transfer rat,es near the surface, 
for which the true surface temperature must be measured. The spectral 
directional emissivity must be known if the actual temperature of the 
source is required. An error of 1% in the emissivity value chosen 
gives errors in the actual surface temperature which are of the same 
magnitude as those caused by the instrumental noise of 1%. The 
directional spectral emissiv.i.ty of most of the earth's surface is 
not known but it is shown in this paper that, in addition to the high 
temperature discrimination associated with high frequencies, daytime 
measurements of earth radiances in the region fram 2000 to 3000 cm~ 
enable the directional spectral emissivity of the surface to be in-
ferred. Hence, true surface temperatures can be found. 
Although it would be desirable to obtain surface temperatures 
fram a single radiance measurement, the presence of an interven;lng 
absorrdng atmosphere makes it impossible to design such an elegant 
experiment if high accuracy is required. The influence of the atmo-
sphere and of other factors are discussed with particular reference 
to the analysis of earth radiances fram 2000 to 2660 cm~ obtained 'by 
a balloon-borne grating spectrometer between 0400 and 1000 eDT July 11, 
1968 fram a pressure level of 3.5 mb. 
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The principal purpose of this balloon flight was to demonstrate 
that temperature profiles of the atmosphere from the surface to the 
balloon could be obtained from both daytime and nighttime radiance 
measurements in the region of strong atmospheric absorptance extending 
from 2185 to 2360 cm~. A technique of analyzing such data has been 
described by Chahine, 1968, and SO:L.rte of the temperature profiles obtained 
from the measurements have been discussed by Shaw et al., 1969. 
Because of the low noise levels in the radiances measured during 
this flight brightness temperatures can be obtained which show a high 
precision. However, the absolute accuracies of the inferred surface 
brightness temperatures are influenced by many factors. It is shown 
below that the experimental techniques used have minimized many of these 
effects and that, under suitable observing conditions, surface tempera-
tures can be measured to a few tenths of a degree Kelvin from earth 
radiance data between 2500 and 2700 cm~. Indeed, because of the high 
atmospheric transmittance in this spectral region and the strong depend-
ence of the earth's radiance on temperature, the brightness temperatures 
obtained directly from the radiance measurements obtained at night with 
clear skies will usually be within lK of the true sUTface brightness 
temperature. 
Spectrometer Characteristics and Calibration 
A description of the multidetector grating spectrometer used has 
been given by Schaper and Shaw, 1969. The field of view (FOV) is approxi-
mately 12 x 12° and, during the balloon flight, the optical axis was 
parallel to the local vertical so that all the flux detected was 
received within 10° of the vertical. The spectral resolving power is 
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approximately 100 and the spectral slit function of each of the detectors 
in the spectral plane is almost symmetrical and nearly triangular about 
the nominal frequency position vi of the detector. 
Since the accuracy with which surface temperatures are eventually 
determined is dependent on the method of instrument calibration, this is 
discussed briefly below, together with some of the numerous assumptions 
required to infer a surface temperature from the output signals from the 
instrument. 
The instrument was calibrated in vacuum by measuring the output 
signals SB(Vi) from the detectors when the FOV was filled by a cone 
having a carefully blackened surface so that its effective spectral 
emissivity could be assumed to be unity and w110se surface temperature 
TB was accurately known. In Fig. 1 the optical axis of the instrument 
is shown lying along the z axis and the entrance slit of area W, is at 
the origin of the coordinate system. 
When the FOV is filled by the cone the flux received by a detector 
at vi is 
where 
P(Vi:1TB) = f f f B(v,TB)'fI(v,e,cp,dW)F(Vi-v)cose dvdDdW 
W D v 
11 = Planck's constant, 
v = wavenumber or frequency (cm-I), 
c = speed of light, 
k = Boltzmann constant, 
n = solid angle of FOV, 
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and 
and hence 
dn = element of solid angle in the direction 
(e,cp), 
F(Vi-V) = normalized spectral slit function of the 
detector at vi , 
~I(v,e,cp,dW) = spectral transmittance of the instrument 
for flux incident in the direction (e,cp) 
on the element dW of the entrance slit. 
The symmetry of the slit function shows 
1 
this quantity is a slowly varying function 
of frequency 
Since the spectral slit functions are symmetrical about Vi and 
since, for the spectral region of interest and for the cone tempera·· 
tures used, dB(v,TB)/dv does not vary by more than a few per cent over 
the spectral slit widths 6Vi of the detectors, (1) can be written 
The responsivity constants C(vi) of the detectors are obtained 
from 
where 
(4) 
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These constants were found to be independent of the cone tempera-
ture over the range 200 to 300 K. 
Earth Radiance Measurements 
The mean spectral radiance of other sources filling the FOV of 
the instrument can now be determined. In Fig. 2 the instrument is 
shown at 0, a height z above the earthfs surface. 
The optical axis of the instrument and the normal to a surface 
element dA are both parallel to the z direction. Rs'J.iant flux from 
dA enters the instrument in a direction (e,~) and strikes the de-
tectors. The total incoming power reaching a detector at Vi is 
given by 
where ,. 
dn = dA cose/r2 , 
r = z sec e , (6) 
and 
Wr(v,e,~) ~ spectral radiance of the surface and atmosphere as 
:"! seen by the instrument in the direction (e,~) . 
The output signal from the detector at Vi is 
Thus, from (4), the mean spectral radiance of the FOV is 
= ------~~----------------------------------f f -rI(Vi,e,~,d\~T) cos8 6vj~dndW 
W n (7) 
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where 
NT(V,e,~) = T(v,e,~)Ng(v,O,~) + Na(v,e,~), 
T{V,e,~) = the spectral transmittance of the 
atmospheric path r, 
Na(v,e,~) = the spectral radiance of the atmo-
spheric path r as viewed by the 
instrument, 
Ng(v,e,~) = the spectral radiance of the surface 
element dA in the direction (e,~). 
This spectral radiance can be written 
where 
(8) 
Ne(v,e,~) = the spectral radiance of the element dA due to thermal 
flux emitted in the direction (e,~), 
Nr(v,e,~) = the spectral radiance due to downcoming atmospheric 
thermal flux reflected from dA in the direction (e,~), 
and 
Ns(v,e,~) = the spectral radiance due to solar flux reflected 
from dA in the direction (e,~). 
Determination of Surface Temperature 
To obtain accurate surface temperatures, the spectral radiance 
of the FOV must satisfy two conditions: 
1. All the terms which contribute to NT(v,e,~) in (8) 
and (9) must be essentially independent of location 
in the FOV and of direction (e,~). 
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2. The rate of change of spectral radiance with frequency 
dNT(v,e,~)/dv, as measured by an instrument of similar 
resolving power to the multidetector spectrometer, must 
not vary over the spectral slit width ~vi of a detector 
significantly more rapidly than the rate of change of 
radiance of the calibration source. 
If there is partial cloud cover the first condition is not satis-
fied and hence the following analysis applies only to observations 
which meet the restrictions: 
1. Either no clouds are present or clouds completely fill 
the FOV. 
2. The earth's surface or the cloud top in the FOV is opaque 
and isothermal. The emissive and reflective properties 
are independent of position in the FOV and the directional 
spectral emissivity Ed(V,e,~), as viewed near the normal 
at Vi, is high and varies slowly with frequency over the 
spectral slit width .6.vi of a detector. It is shown that 
these requirements are satisfied at the time the data 
analyzed were obtained. Little is l"nown about the 
emissivities of natural surfaces in the spectral region 
of interest and hence it is assumed that these surfaces 
are isotropic and that, since the surface was viewed so 
that e < 10°, 
(10) 
where 
Ed(Vi.,O) = normal spectral emissivity . 
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3. The atmosphere is plane stratified. Since e < 10° the 
approximation r :::: Z sec e ~ z is satisfied to better 
than 1% over 80% of the FOV and, therefore, 
~(v,e,~) ~ ~(vi) , (11) 
when T(vi) is the spectral transmittance of the atmos-
phere between the instrument and the surface along the 
z-direction. In the spectral region used to determine 
surface temperatures ~(vi) is higher than 0.85 and is 
a slowly varying function of frequenc,y-. 
Observations which meet these restrictions also satisfy condi-
tion (2) and thus (7) can be written 
~ ~ NT(vi,e,~)TI(Vi,e,~,dW) cose dndW 
W n 
N( Vi) = -------------- ,---ff ~I(Vi,e,~,dW) cose dndW 
w n 
Condition (1) will also be satisfied provided the variation of 
each of the terms in (8) and (9) with'direction (e,~) is small. In 
disc'Ussing the anguLlar variation of these terms th~ frequency 
designation has been dropped since the analysis applies to a single 
frequency vi' 
(12) 
The spectral radiance of the surface element dA in the direction 
(e,~) due to emitted radiant flux 
(,13) 
where 
Ts :::: actual surface temperature. 
79 
~ 
J 
! 
I 
! 
:.; 
" 
From (10) 
where 
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.- -
Tg = spectral brightness temperature of dA as viewed 
near the normal. 
(14) 
The spectral radiance of the atmosphere as viewed in the direction 
(e,~) by the instrument is 
where 
Pb = instrument pressure level, 
Ps = surface pressure, 
and 
Tp = air temperature at pressure level p. 
From (11) 
JPb d-r = B(Tp) -dp = Na(O) , Ps dp (.15) 
where 
Na(O) = a.tmospheric spectral radiance as viewed in the nadir. 
If the surface is Lambertian and the atmosphere is optically thin, 
then the contribution to the spectral radiance of the surface in the z-
direction due to downcoming thermal flux from the atmosphere reflected 
from the surface is 
(l6) 
For the atmospheric and surface conditions prevailing during the 
balloon f.1ight and at the frequencies used for surface temperature de-
termination it is shown later in this paper that 
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and. 
Ed ( 0) > O. 90 
Thus 
where Ng(O) = total radiance of the surface viewed. The magnitude of 
the term Nr(O) is not changed significantly if the surface is non-
Lambertian and, hence, it has been neglected. 
During the daytime the solar spectral irradiance of the surface 
is 
where 
HS(O) = solar spectral irradiance at a surface outside the 
atmosphere perpendicular to the solar beam, 
(es'~s) = direction of the sun as viewed from the surface, 
and 
T(es ) = spectral transmittance of the entire atmospheric 
path traversed by solar flux reaching the surface. 
Hence the spectral radiance of the element dA in the direction 
(e,~) due to reflected solar flux is 
where 
pt(es'~s,e,~) = partial spectral reflectance of the element 
dA for flux incident from the direction 
(es'~s) and ref,lected in a direction (e,~). 
1,. 
"', 
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For an isotropic surface viewed in a direction e < 10° we will 
write 
, 
and 
Thus, to the degree of approximation required to obtain (11), (14), 
(15), and (18) the spectral radiance of the FOV is uniform and, 
fram (8), (9) and (12): 
N(Vi) = ~[B(Tg) + Hs coses ~(es)pl(es,O)] + Na(O) 
For daytime observations (19) can be written as 
1 -B(Tg) = ~ [N(Vi)- Na(O)] - Hs coses ~(es)p'(Bs'O) , 
which reduces to 
, 
at night. 
The surface brightness temperature can be obtained at night 
(17) 
(18) 
(19) 
(20) 
(21) 
provided the atmospheric transmittance and the atmospheric radiance 
are known. The temperature profile along the atmospheric path is 
required in order to calculate Na(O). 
During the day the contribution to the surface radiance by 
reflected solar flux must also be found. Although the terms Hs,Bs , 
and ~(Bs) in (20) can be obtained there are few measurements 
of the partial reflectance of natural surfaces in the spectral region 
of interest although this parameter is not expected to vary rapidly 
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with frequency. By measuring the daytime spectral radiance of the 
earth at two frequenc:ies, vJ. and V2, where the atmospheric transmi t-
tance is high, a pair of simultaneous equations is obtained from (20), 
from which both Tg and p' (e ,cp) can be determined. 
Surfaq~ Spectral DirE;ctional Emissivity 
The spectral directional emissivity €d(e,cp) of opaque bodies 
such as the surface :Ln Fig. 1 is related to the total spectral direc-
tional reflectance Pd(e,~) and the partial spectral reflectance by 
~~(~,cp) = 1 - Pd(e,cp) = 1 - f p'(es,cps,e,~)cose,dn (22) 
h 
where the integral i::; taken over the hemisphere above the surface. 
For isotropic surfacEls viewed along the normal, equation (22) becomes 
If the partial s}gectral reflectance of a given area of the 
earth's surface, is obtained for several solar zenith angles, es' 
by the method described above, then the integral in (23) and 
hence Pd(O) and Ed(O) can be evaluated. Once these parameters have 
been determined for a particular surface, the true surface temperature 
can be obtained from both daytime and nighttime radiance measurements. 
The spectral directional emissivity cannot be obtained from a 
single determination of p'(es'O) unless the surface is assumed tQ be 
Lambert ian , in which case pi' (es'O) is independent of ang.le and 
Ed = 1 - Pd = 1 - rrp' • 
.~. 
- , 
I 
Since most surfaces have reflective properties which are inter-
mediate between those of a L~bertian and a specular reflector, the 
value of Pd obtained from (24) will be lower than the actual value for 
measurements obtained for large solar zen1.th angles and the correspond-
ing value of Ed (0) will be too high. 
It has already been noted that, in order to obtain the temperature 
profile of the lower atmosphere from radiance measurements, the surface 
radiance must be known. This is usually specified by the brightness 
temperature T g defined by (14). However, both the spectral directional 
emissivity, Ed(O), and the temperature Ts may vary slowly with frequency. 
Not only is Ed (0) expected to be frequency dependent f:) but the thickness 
and hence the mean temperature of the radiating surface layer may vary. 
Thus the surface brightness temperature, Tg, must be obtained fram. 
mea.surements in an atmospheric window close to the spectral region used 
for the temperature profile determination. 
Atmospheric Transmittance in the 2000 to 3000 cm-1 Window 
The spectral absorptances of several atmospheric gases between 
1500 and 300 cm-1 are shown in Fig. 2. They are typical of those 
expected for the amount of gas in a vertical atmospheric path from 
o to 1000 mb as observed by an instrument with a spectral resolution 
similar to that of the multidetector spectrometer. These spectra are 
based on the abundances of the gases given in Table I and the spectra 
in the references listed in this table. The spectra for H2 0 cor~espond 
to H2 0 amounts of approximately 0.2 and 2 pro cm. in the path and the 
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latter figure is closer to the amount present at the time and location 
of the balloon flight. 
At the bottom of this figure the combined absorptance by all these 
gases, including the larger amount of H20, is shown as the heavy curve. 
The dotted curve represents the corresponding absorptance along a 
vertical column from the top of the atmosphere to the 500 mb level. 
The spectrum showing a higher resolution than these is the transmittance 
of a vertical path through one air mass estimated by Farmer and Todd, 
1964. The agreement between this spectrum and the heavy curve is ex-
excellent except between 2600 and 3000 cm-1 where the combined absorp-
tance of the individual bands is less than that estimated by Farmer and 
Todd. This difference is attributed to the lack of accurate data for 
the absorptance by water vapor in this region. 
From the spectra in Fig. 2 it is concluded that the transmittance 
of one air mass is in excess of 0.85 between 2500 and 2700 cm-.l except 
for a small region occupied by a band of N20 centered at 2563 cm-.l. 
Thus radiance data from this window can be expected to yield accu~ate 
surface temperatures. We have chosen to analyze the measurements 
made at 2510 and 2655 cm-.l. 
Atmospheric Transmittance at 2510 cm-.l 
The absorptance by a vertical atmospheric coltunn at 2510 cm-.l is 
caused primarily by a pressure induced band of N2(9%) with minor con-
tributions by CH4 « 1%), C02 « 1%), and N20 « 2%). Williamson and 
Houghton, 1965, have shown that the transmittance of an atmospheric path 
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in a direction e to the local vertical from the top of an isothermal 
atmosphere to a pr~ssure level p (atm) in spectral regions occupied 
by such pressure induced bands can be written 
(25) 
where 
k(v) = absorption coefficient (atm~ cm- 2 ) of the absorbing gas "'";"l 1I !! 
" ~W 
at one atmosphGric presf3ure, 
rrl\'1 
II 
;\ 
'" '-' 
~ = mixing ratio of the absorbing gas in the atmosphere, 
-':1", 
!! 
:1 
~ ,j 
and 
I ~ scale height of the atmosphere (~ 8 km). 
'"n 
ii 
~ U From the data of Reddy and eho, 1965 it is estimated that the trans-
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mittance at 2510 cm-1 of an atmospheric path containing N2 as the 
absorbing gas is 
(26) "'n il 
~ U 
.' .~ 
~-! 
'I ~ll 
Since there are small concentrations by other gases to the atmos-
pheric absorptance at this frequency these have been includp.d by writ-
ing, for the atmospheric transmittance at 2510 cm-l, (26) as ] 
~~J ' , 
, l l ~(atm,2510,e) = exp[- 0.10 p2 sece] (27) Provided e < 10° 
] 
iJ 
~(atm,2510,e) ~ 1 - 0.10 p2 . (28) 
It is estimated that these expressions for ~(atm,2510) will 
" ] 
-
describe the atmospheric transmittance to all pressure levels to 
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Atmospheric Transmittance at 2655 cm-1 
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The atmospheric absorptance at 2655 cm-1 is due primarily to HDO. 
Although the absorptance by H2 0 and HDO is less pressure dependent than 
,that by N2 the mixing ratio of H2 0 (and hence HDO) decreases rapidly 
with height above the surface. Thus the atmospheric transmittance at 
2655 cm-1 is also strongly pressure dependent. There is a lack of 
accurate absorptance data for water vapor at this frequency but the 
spectra of Farmer and Todd, 1964 show the same atmospheric transmittance 
at 2510 and 2655 cm-1 • Thus we have assumed that the transmittance 
through one air mass is the swne at both frequencies and that the 
atmospheric transmittance at 2655 cm-1 is also described by (27) and 
(28) . The experimental data confi:rm this although the uncertainty is 
larger than the ± 'Z'/o quoted for the transmittance at 2510 cm-1• 
Atmospheric Radiance 
The atmospheric temperature profile as well as the atmospheric 
transmittance must be known if the contribution by the atmosphere to 
the observed radiance of the FOV is to be calculated. The ranges of 
temperatures obtained from several radiosondes launched near the balloon 
flight path between 0500 and 0600 eDT on July 11, 1968 are shown in 
Fig. 3. 
The average temperature profile from these data was assumed constant 
for the entire flight and the atmospheric radiance at 2510 and 2655 cm~ 
were obtained from this profile and (15) and (28). 
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Surface Temperature from Nighttime Observations 
A typical set of balloon flight data obtained at 0436 CDT, shortly 
after balloon altitude was reached, is shown in Fig. 4. Visual observa-
tions from a tracking plane and other analyses of the data show there 
were no clouds in the FOV at this time. The variation with frequency 
of the effective temperature of the FOV, Teff, where 
, 
can be estimated from the Planck functions for several temperature~ 
also included in this figure. The SNR was above 100 at 2300 cm- l 
where the lowest effective temperature, about 230 K, was observed. The 
SNR was higher at other frequencies. 
Between 2500 and 2700 cm- l the effective temperatures are close 
to 293 K (68°F). The.se are close to the prevailing surface air tempera-
tures shown in Table II obtained from ground stations near the flight 
path even though no correction for atmospheric attenuation or surface 
emissivity has been made. Thus the data in Fig. 4 show conclusively 
that between 2500 and 2600 cm- l : 
,1. The atmospheric transmittance is close to unity, 
2. The surface emissivity is close to unity, and 
3. The dependence of atmospheric transmittance and surface 
emissivity on frequency is small, 
It was also observed that the effective temperatures of the FOV 
at 2510 and 2655 cm- l did not vary by more than ± 0.5 K between 0.415 
and 0440 CDT. During this time the balloon drifted approximately 
50 km westward, a great distance compared with the 8 x 8 km dimensions 
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of the instantaneous area of the earth's surface in the FOV; thus the 
spatial variation of the earth's radiance at this time was small and 
these data satisfy the requirements needed to derive accurate surface 
temperatures. 
During the three-minute period between 0436 and 0439 CDT fOUl' 
observations of the radiance at 2510 and 2655 cm-1 were made. These 
are given in Table III, together with the effective temperature of the 
FOV, and the contributions to the observed radiance by the emission 
from the atmosphere. 
It was found, from (21), that the surface brightness temperature 
of the surface was 293.6 K(68.7°F)., This is only 1 K higher than the 
corresponding effective temperature of the FOV at this time and indi-
cates the small effect of the atmosphere on the earth's radiance in 
this spectral region. Indeed the combined effects of the estimated 
uncertainties of ± 2 K in the tempera'ture profile, ± 2!'/0 in atmospheric 
transmittance at 2510 cm-l, and instrument noise, give 8J standard 
deviation of 0.3 K for the error in surface brightness temperature. 
It is difficult to be sure of the true surface temperature at 
this time. Under clear skies radiative cooling of the surface was 
occurring and at the launch site, Palestine, Texas, dew was observed 
by 0500 CDT. Ground fog was present at Waco near dawn. Thus it is 
probable that the actual surface temperature was close to the dew 
point. The data in Table II indicate the dew point was between 68 
and 69°F at stations close to the surface viewed. This is in excellent 
agre.ement with the brightnes$ temperature of 68. 7°F. It is therefore 
, 
( 
'\ 
9.. 
concluded that the effective emissivity of the surface near 2500 cm-1 
was very close to unity and that, since the effective temperature of 
the FOV was '~he same at both 2510 and 2655 cm-1 the atmospheric trans-
mittance at these two frequencies is the same. 
Daytime Observations 
~- t 
Several measurements of the earth's radiance at 2510 and 2655 cm-1 
obtained be'cween 0954 and 0957 eDT when the solar zenith angle was 
54.5° are given in Table IV. Photographs of the FOV from cameras on 
board the gondola showed there were no clouds present at this time and 
it was determined from maps of the flight path that the surface eleva-
tion was 1500 m. This gives a surface pressure of about 850 mb and 
consequently the transmittance of a vertical path through the atmos-
phere is greater than in the previous example and there is a corre-
sponding decrease in the atmospheric radiance. 
The difference in the effective temperatures at 2655 cm-1 and 
2510 cm-1 in Table IV, is attributed to solar flux reflected from the 
surface. The solar irradiance at the earth's surface was calculated 
from (18) and (27) by assuming a solar surface temperature of 6000 K. 
A pair of simultaneous equations was obtained by applying (19) to the 
two sets of data for 2510 and 2655 cm~ from which it was found 
and 
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Since observations of this surface were made for only one solar 
zenith angle the normal spectral emissivity can only be calculated by 
assuming the surface is Lambertian. 
From equation (24) 
and hence 
Ts ~ 298.4 K 
It is not possible to estimate the error associated with this 
temperature, partly because of the assumption made in this analysis 
and partly because there are no other observations available for com-
parison. It is also not possible to use this emissivity to obtain 
the actual surface temperature for the nighttime example discussed 
above. In thi.s nighttime example the surface was moist and covered 
by vegetation, whereas 'the daytime observation was of a dry arid sur-
face. 
Cloud Top Temperature 
Photographs of ithg FOV showed that the balloon drifted over a 
cloud field between 0830 and 0930 CDT and that clouds appeared to fill 
the FOV completely at 0900 CDT. other observations showed the clouds 
were altocumulus with bases between 3000 and 4000 m and a thickness of 
a fir/ltf hundred meters. Shaw et al., 1969 have analyzed th~~ )'''adiance 
measurements from 2185 to 2360 em-l 'obtained between 0900 and 0903 CDT 
and established, Jchat the cloud tops were between 675 and 700 mb, at a 
temperature near 278 K, and that the cloud coverage was between 97 
and 99'10. 
91 
, 
, 
l' 
~'. 
;1 
,. 
" 
.. " , 41 
Several radiance values at 2510 and 2655 cm~ obtained at the same 
time, when the solar zenith angle was 65°, are given in Table V. The 
radiance of the FOV was nearly uniform but the large difference in the 
effective temperatures shows that reflected solar flux contributed 
significantly to the measUl-ed signal. A cloud top temperature has been 
derived from the d~ta in Col~ 4 of Table V by assuming complete 
coverage of the FOV by opaque, uniform clouds. 
An initial estimate of the cloud top temperature and hence of the 
cloud height (from Fig. 3) was made by assuming the atmosphere to be 
transparent and by applying (19). This gave 
and 
Hence 
and 
Tg = 276.4 K , 
p'(es'o) = 0.0303 . 
If tbe cloud~ are diffuse reflectors then, from (24) 
T (clouds) = 278.4 K , 
P (cloud top) = 670 mb 
These calculations were repeated. This time the terms for the 
atmospheric transmittance to the 670 mb pressure level and the terms 
, 
for the radiance of the atmosphere between the cloudS and the instru-
ment were included. It was found 
Tg = 276.~K 
p'(es'o) = 0.0362 
£ Ts '= 278.8 K 
I' 
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and 
Pc = 680 mb 
Thus the cloud top temperature is very insensitive to the values 
chosen for atmospheric transmittance or to the atmosphere temperature 
profile. The cloud height is in excellent agreement with the visual 
observations and with the results of other analysis. Although the 
above calculati?n assumed complete cloud cover it is found that the 
cloud top temperature would only be changed by 1, K if the cloud cover 
were 95% and 5% of the FOV inc,luded a surface at 296 K .• 
Discussion 
It has been demonstrated that surface and cloud top temperatures 
can be determined from both nighttime and daytime observations of the 
earth's spectral radiance at 2510 and 2655 cm-I • Because of the strong 
dependence of the emitted thermal flux in this spectral region on the 
source temperature and the ,low noise .level of the instrument, tempera-
tures can be determined to a few tenths of a degree Kelvin. These 
temperatures have been compared with other observations and the over-
all correctness of the analysis has been established. 
The princ ip.le sources of uncertainty are the lack of data for 
the reflective and emissive properties of clouds and the earth's sur-
face, and the lack of accurate values of the atmospheric transmittance 
in the spectral region of interest. When such data b.ecome ava.ilable 
surface temperatures accurate to ± 0.2 K can be obtained and the 
brightness temperatures of cloud tops which completely fill the FOV 
can be found to the same accuracy. 
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Table I. Mixing Ratios of Atmospheric Gases which 
Absorb between 1500 and-3000 cm-1 
Mixing 
Gas Ratio 
(by volume) 
N2 7.81 X 10-1 
O2 2.09 x 10-1 
CO2 3.3 X 10-4 
N2 0 2.6 X 10-7 
CO 7 X 10-8 
CH4 1.6 x 10-€ 
Os variable 
H2 O variable 
a Reddy and Cho (1965). 
b Crawford et al. (1949). 
c Howard et al. (1965). 
d Burch and Williams (1962a). 
e Burch and Williams (1962b). 
f McCaa and Shaw (1968). 
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Tahle II. Surface Temperatures and Dew Points at Stations Close to Balloon Position at 0430 CDT 
Station Time of Closest Distance from Surface Surface Time of 
Identification Distance to Balloon Station and Temp. Dew Obs. Cloud 
(Texas) (CDT) Direction to Balloon (OF) Point (CST) Amt. Base 
Flight Path (OF) ~ 
Gray AFB 0500 20 miles N. 73 69 0656 scattered 10,000 
\0 Ft. Hood AFB 0525 15 miles N. 70 68 0357 scattered ! 1 
0'\ 70 68 0457 scattered 7-10,000 
70 69 0558 scattered 
John Connally 0444 12 miles S. 70 67 0556 scattered 12,000 
Airport 
Waco 0450 12 miles S. 73 68 0355 2/10 12,000 f!1 
73 68 0455 2/10 12,000 
73 68 0555 3/10 12,000 
,1 ground fog observed near dawn , 
0450 69 0455 
\,~ 
Temp.le ,25 miles N 73 clear 
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Table III. Spectral Radiances of the Earth at 2510 and 2655 cm-~ 
Obtained between 0436 and 0439 cnT 
Frequency FOV Radiance, Teff Atmospheric Radiance, 
cm-~ ergs cm-1ster-1sec-1 K ergs cm-~ster-1sec -~ 
2510 0.820 0.823 0.826 0.833 292.6 0.051 
2655 0.474 0.475 0.476 0.477 292.6 0.029 
Table IV. Spectral Radiances of the Earth at 2510 and 2655 cm-1 
-
r ' Obtained between 0954 and 0957 COl ! [ , Est. 
r : 
Frequency FOV Radiance, Teff Surface Radiance Estimated 
cm-1 ergs cm-1ster-1sec-1 K due to Atmospheric 
Reflected Solar Flux Radiance (850 rob) 
ergs cm-1ster-1sec-1 I _ 
2510 1.050 1.058 1.060 1.060 298.8 .097 0.027 
2655 0.669 0.670 0.669 0.668 300.3 .107 0.015 
I -
I 
I 1 
Table V. Spectral Radiances of the Earth at 2510 and 2655 cm-~ 
i" Obtained between 0900 and 0903 cnT 
fl 
"1 ~ 'I 
• ..1' 
Contribution of 
f' 
" \ t, i 
, ., 
Frequency FOV Radiance Teff Reflected Solar Flux Atmospheric 
cm-l ergs cm-lster-~sec-~ K to Cloud Radiance Radiance 
ergs cm-~ster-~sec-~ 
[' I ~. ; 
. , 
2510 0.592 0.595 0.597 0.596 285.2 0.209 0.020 
~ , 
:J t:i 
,2655 0.435 0.438 0.440 0.440 290.8 0.230 0.012 
~ 
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-Figure Captions 
Fig. 1 - Spectrometer and source geometry. Radiant flux in the 
direction (e,~) enters the instrument through the entrance 
slit at O. The optical axis of the instrument j.s in the z 
direction. If the earth's surface is in the FOV flux from 
the area within the closed curve C enters the instrument. 
The point P lies along the z axis and flux fram the area 
5A enters the instrument in the direction (e,~). 
Fig. 2 - Curves a-f: Spectra of individual atmospheric gases between 
1500 and 3000 cm-1 obtained for the amounts in a vertica~ 
atmospheric path shown in Tab,le I and from the spectra in the 
references listed in Table I. Curve g: heavy curve; trans-
mittance of one air mass obtained from curves a-f; light curve; 
transmittance of one air mass from the data of Farmer and 
Todd '(1964); dotted curve : transmittance of a vertical path 
from 0 to 500 mb. 
Fig. 3 - Extremes of temperatures reported from rocketsondes and 
radiosondes launched in the vicinity and close to the tj~e 
of the balloon flight. 
Fig. 4 - Spectral radiances of the earth between 2000 and 2700 cm~ 
obtained at 0436 CDT. 
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A SPECTROMETRIC MEASUREMENT OF THE A'IMOSPHERIC 
TEMPERATURE ABOVE 30 kIn NEAR SUNP.ISE 
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. - . ".' \ .. J, .. 
Measurements of the upward radiance of the earth's atmosphere 
near the center of the 4.3~ absorption band of CO2 are analyzed in 
terms of the atmospheric temperature between 30 and 39 kIn. A series 
of measurements was made with a balloon-borne grating spectrometer 
which remained at a constant altitude for more than six hours includ-
ing the sunrise period. A maximum temperature fluctuation of ± 1 K 
was observed in the layer between 30 and 39 kIn. Such a small fluctua-
tion is inconsistent with rocketsonde measurements near dawn. . 
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1. INTRODUCTION 
There have recently been several theoretical and ~~perimenta1 
investigations of atmospheric temperatures and diurnal temperature 
variations between about 30 and 60 kIn, a region which is difficult to 
observe with current radiosondes. 
Leovy (1964) has computed the equilibrium temperature distribution 
above 20 kIn by considering the combined effects of photochemical and 
radiati ve processes. The diurnal te..mperature range was estimated to be 
less than 0.5 K near 20 km and to reach a maximum value of between 4) 
and 5 K near 50 kIn over the equator. Lindzen (1967) has included the 
results of Leovy and others i~ a discussion of the diurnal tide. This 
tide is the resultant wind and pressure response to, primarily, the 
variations in the thermal inputs and consequently, of atmospheric tem-
peratures, at different levels and latitudes. At 30 0 N latitude and 
near the equinoxes the diurnal temperature range was computed to 
increase from 0.25 K at 20 kIn to 1.5 K at 40 kIn. The local time of 
temperature maximum due to this diurnal effect was found to be a com-
plex function of latitude and altitude. Although this analysis was 
made specifically for the equinox the seasonal changes in atmospheric 
behavior are expected to be small. 
Series of rocketsonde measurements have been made by Beyers and 
Miers (1965) and by Finger and Woolf (1967) to measure this diurnal 
variation. From soundings made during February and November, Beyers 
and Miers found a diurnal variation of 5 K at 30 km increasing to 
between 15 and :20 K near 60 kIn. The total temperature variation was 
somewhat larger than these values but part was attributed to non-
diurnal changes.. Finger and Woolf found a maximum diurnal temperature 
range of 3 K near 30 kIn increasing to 6 K near 40 kIn and to still 
larger values at. high altitudes in a series of September rocketsonde 
measurements. 'I~he corresponding diurnal temperature ranges computed 
from the simultaneously measured winds in these latter measurements 
were smaller than those obtained by direct observation. 
It has been suggested that the rocketsonde measurements may be 
subject to errors. Indeed Wagner (1964), who has made a detailed 
study of possible sources of error, has concluded that there is a 
systematic tempe:rature overestimate at all altitudes. The magnitudes 
of these errors depend on the rate at which collisions occur between 
atmospheric molel~ules and the sensor and the rate of radiative energy 
exchange between the sensor and its surroundings. Below 47 kIn the 
estimated error :is 4.5 K but it increases rapidly to 33 K near 65 lml. 
After suitable corrections have been applied to the rocketsonde obser-
vations the accu:racy of the atmospheric temperatures is quoted by 
Wagner as ± 3.5 Ie below 50 kIn. Beyers and Miers have applied the cor-
rect:lons suggested by Wagner to their measurements. Similar correc-
tions were apparEmt1y not incorporated in the analysis made by Finger 
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and Woolf although they concluded, on the basis of the differences in 
temperature obtained from their thermistor sensors and from the wind 
analysis, that significant instrumental errors due to radiative trans-
fer may exist. 
Despite these experimental uncertainties, problems associated with 
the intercomparison of results from instruments on different launches, 
and the difficulties in scheduling a sufficiently rapid series of 
flights to obtain information as closely spaced in time as desired, a 
significant number of rocketsonde measurements have been analyzed. 
Both Finger and Woolf and also Beyers and Miers conclude that, not only 
is there evidence of a large diurnal temperature variation in the upper 
atmosphere, but that there is a rapid temperature increase above 30 kIn 
in the two hour period after sunrise. These results are nbt predicted 
by the theoretical analyses. 
other measurements of the diurnal temperature variation of the 
upper atmosphere and in particular, of the temperature changes near 
sunrise by instruments which are not subject to the same tyPes of 
experimental errors may help to resolve these differences. In the 
following discussion an analysis of measurements of the earth's spec-
tral radiance near 4~ made by a balloon-borne grating spectrometer 
from a pressure level near 3.5 mb are described. During a six-hour . 
flight, which included three hours of observations after sunrise, more 
than 300 sets of measurements were made from which the temperature 
variations above 30 kIn could be monitored. 
2. THEORY 
At wavelengths longer than about 3.51l the outgoing rcidiative flux 
from the earth originates primarily as thermal emission from atmospheric 
gases, the earth's surface, and clouds. If measurements are made in a 
spectral region where an atmospheric constituent has a strong absorp-
tion band the upward radiance can be written~ 
- JIb - d-r( Vi) 
N(Vi) = B(Vi,Tp) d(&p) 
Ps 
d(& p) 
where N(vi) = the earth's mean radiance in a frequency in-terval 6v 
centered at Vi' 
-r(Vi) = mean atmospheric transmittance over the interval 6v 
from the pressure level of observation Ib to the pres-
sure level p, 
Tp ~ atmospheric temperature at the pressure level p, 
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B ( v , T) = Planck b lackb ody funct i on, 
Ps = surface pressure. 
The pressure levels between which the outgoing thermal flux ori.gi-
nates depends on the shape of the appropriate d ~/d (~p) versus p 
curve and the atmospheric temperature distribution. In the following 
discussion we consider only the earth's radiance as it would be observed 
near 2339 cm- 1 with an instrument having a spectral resolving power of 
100. A strong CO2 band has its highest absorptance near this frequency 
and this causes the atmosphere to be opaque for a vertical path between 
35 rob and space. The transmittance is only 50% between 5 mb and space 
at this frequency. Thus, most of the outgoing thermal flux from the 
earth at this frequency originates from above 30 m. 
A more quantitative description is given in Figure 1 which is a 
plot of B( vi,Tp) d~CVi)/d ~ P against ~ p for the case where the pres-
sure level of observation is 3.5 mb, and the temperature profile of the 
u. S. standard atmosphere was used. This curve was obtained from the 
atmospheric transmittance calculations made by Gray and McClatchey (1965) 
and the temperature and pressure dependences of the atmospheric absorp-
tion coefficients were included. The atmosphere was divided into 20 
layers between 50 and 3.5 mb to obtain accurate values for the weight-
ing function B(Vi,Tp ) d~/d(~p). 
Similar curves to that shown in Figure 1 are obtained for other 
pressure levels of observation and it is found that, for satellite 
observations, (Ib = 0), information about atmospheric temperatures up 
to about 50 kIn can be obtained. This height depends on the opacity of 
the atmosphere and the spectral resolution of the instrument. A limi-
tation may be imposed at somewhat higher altitudes by departures from 
local thermodynamic equilibrium for the particular band considered. A 
recent paper by Houghton (1969) indicates that such departures can be 
expected to begin in the 4.3 micron CO2 band near 40 km and to increase 
sharply above 60 kID. No indication of such a departure was noted in 
our radiance measurements. 
The area between the curve, the ordinate, and any two pressure 
levels in Figure 1 represents the flux originating in that particular 
atmospheric layer. As can be seen from Table 1 far more than half the 
energy originates from above 10 mb (32 km) and almost all of the energy 
from above 30 mb. 
Observations of the earth's radiance from an altitude of 3.5 mb 
at a single frequency such as 2339 cm-1 , thus give a measure of the 
aver.age temperature of the atmospheric layer from which the flux 
originates. This is a disadvantage compared with the point by point 
profile obtained by a rocketsonde. The major advantage of' this tech-
nique is that a set of closely spaced (in time) observations of the up-
ward radiance can be obtained from a fixed altitude and by the same 
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instrument. Due to the hign opacity of the atmosphere at 2339 cm- 1 
there is no contribution to the observed radiance from the surface, 
from cloud.s, or from solar flux reflected from the lower atmosphere. 
Further, since we are primarily concerned only with the temperature 
changes in the region between 30 kID and the instrument in the period 
before and after sunrise, an absolute measurement of the earth's 
radiance is not required but only instrument stability. 
3. MEASUREMENTS 
The spectrometer with which these observations were made has been 
described by Schaper and Shaw (1969). This instrument allows the spec-
tral radiance of its field of view (12 0 x 12°) to be obtained at 35 
frequencies between 1976 and 2684 cm-1 (3.5~ to 5~), with a spectral 
resolving power of about 100. The absolute radiance at each frequency 
can be measured to ± 1% and thus the corresponding temperatures can be 
determined to ± 0.2 K. Tbis instrument was carried to 39 km (3.5 mb) 
by a balloon launched from Palestine, Texas, on July 11, 1968. The 
spectrometer was oriented to view the nadir and measurements were made 
from about 0400 to 1000 CDT. During this period the balloon drifted 
westwards from Palestine along the path shown in Figure 2. Sunrise at 
the balloon occurred at 0618 CDT. 
-~ .. 
The performance of the instrument during the flight was excellent, 
its noise level and stability were close to the values determined in 
the laboratory during the preflight calibration. More detailed descrip-
tions of some of the other res~lts obtained from this flight are given 
by Shaw, et al (1969a and 1969b). 
4. RESULTS AND CONCLUSIONS 
The measured radiance of the earth at 2339 cm-1 between 0400 and 
1000 is shown in Figure 3 together with the atmospheric pressure at 
balloon altitude. The increase in radiance noted during the early part 
of the flight is correlated with a decrease in pressure as the balloon 
ascended to float altitude. The other changes which occurred after 
0430 are caused by changes in balloon altitude (pressure), real atmo-
spheric temperature fluctuations, and noise. The almost constant radi-
ance value between 0500 and 0600 is an indication of the low noise 
level and stability of the instrument. There is same evidence of a 
gradual increase in radiance with time, this may be caused by the cor-
respondingly small decrease in pressure level of th0 balloon or to a 
temperature increase in the atmospheric layer sounded. The pressure 
increase near 0900 may be responsible for the radiance decrease at 
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this time. The radiance values corresponding to field of view tempera-
tures of 238 and 240 K are also shown in Figure 3. The brightness 
temperatures of the field of view is seen to be 239 ± 1 K throughout 
the flight. An increase of 3 to 5 K near sunrise, as would be expected 
from the rocketsonde measurements would cause a radiance increase of 
from 20 to 30'/0. Sunrise at balloon altitude is marked on Figure 3 and 
,it is seen that the 5% increase in radiance noted shortly after sunrise 
was followed by a corresponding decrease 30 minutes later, and only two 
hours after sunrise is there again evidence of a temperature i.ncrease. 
Thus we conclude that the maximum ± 1 K temperature fluctuations 
observed in the layer between 30 and 39 km were uncorrelated with the 
onset of insolation - at least up to 3 1/2 hours after sunrise. Simi-
lar analyses of the radiance data at other frequencies which give 
information about the temperatures of lower layers in the atmosphere 
also fail to reveal any temperature change immediately after sunrise. 
The temperature increase between 30 and 40 km near sunrise observed by 
rocketsondes is thus not verified by these observations. 
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( 
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Figure 1 - Path of balloon launched from Palestine, Texas, 11 July 
1968. Launch time was 0152 eDT and touchdown was at 
1106 eDT 
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Figure 2 - Weighting function :for the spectral channel centered 
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Table 1 - The values in column 3 represent the percent 
of total energy arriving at the 3.5 mb level 
in the 2339 cm-1 channel and originating in 
the indicated atmospheric layers. 
Pressure layer (mb) 
3.5 - 10 
3.5 - 20 
3.5 - 30 
Height (lmt) 
39 - 31.7 
39 26.9 
39 - 23·9 
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% of total energy 
73 
92 
98 
, 
! , 
f 
f 
I 
I ~ 
f 
i 
I 
. 
'. 1 
, ' 
I 
i: 
.. " 
" . 
(. '-
\ 
: 
r~ 
, ! ; ; 
r} 
t ., 
I J 
i . J 
fl"l 
i ' , 
), ~ 
1 tf.n 1 . .i 
I 
!ll 
1 [.1 
:1 
.:! (",1 i 
iJ 
" [j 
rl 
P ! ,; 
--", "" ,--- --"""=-" .---..,.,.,----~--.-----I-· -, """'!'-.,.... ~, ... --"'..".------,-
ATMOSPHERIC AND SURFACE PROPERTIES FROM SPECTRAL 
RADIANCE OBSERVATIONS IN THE 4.3-MICRON REGION t 
tt ~:~ ):c * J. H. Shaw, M. T. Chahine, C. B. Farmer, L. D. Kaplan, 
** * R. A. McClatchey, P. W. Schaper 
ABSTRACT 
Atmospheric temperature profiles, obtained from spectral 
. -1 
radiances of the earth between 2160 and 2360 em measured by a 
balloon-borne multidetector grating spectrometer at 3.5 mb during a 
six-hour flight, are described. Representative profiles obtained both 
'before and after sunrise and for clear ,and cloudy skies sho~ that 
atmospheric temperatures accurate to 1 K can be inferred. The 
v3.:riations of surface temperature during the flight are discussed. 
Int::toduction 
, 
In a previous. paper (Shaw, et al 1967), 1 observations of the 
spectral radiance of the earth between 2100 and 2700 cm -1 made with 
a scanning grating spectrometer [rom an altitude of 30 km were 
tThis pap'~n' represents the results of one phase of research carried 
out at the Jet P:l'opulsion Laboratory, California Institute of Technology, 
under Contract No. NAS 7-100, sponsored by the National Aeronautics 
and Space Administra.tion; this work was also performed for the 
Manned Spacecraft Center, Houston, Texas, sponsored by the 
National Aeronautics and Space Administration, under Contract No. 
NAS 9-7218. 
ttThe Ohio State University, Columbus, Ohio. 
"-
"'J et Propulsion Laboratory; Pasadena, California. 
:::!:=:;::: 
Air Force Cambridge Research Laboratory, Bedford, Massachus'etts. 
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-described. It was sho~iVn that the surface temperature and the 
temperature profile of the atmosphere could be inferred from the 
data. 
A rnultidetector grating spectrometer has since ·been constructed2 
which s~mples the radiance of its field of view (FOV) in 35 spectral 
intervals between 20001 and {700 cm -1 in 10 sec. The methods of con-
trolling the temperatures of the inflight calibration plate, the chopper 
blades, and the detectors in this instrument, and the preflight calibra-
tion techniques have all been considerably improved compared with 
those used previously. Thus, the spectral radiances of bodies near 
earth temperatures can be measured with absolute accuracies esti-
mated to be about three percent. 
A succes sful balloon flight of the multidetector spectrometer and 
a filter spectrometer was made on July 11, 1968 and over 400 sets of 
measurements of the earth's radiance were obtained over a period of 
six hours. A discussion of some of the results obtained is presented 
here. These include atmospheric temperatu.re profiles from the sur-
face to the balloon derived from the spectral radiances between 2185 
and 2360 cm -1 by the strongly convergent analytical method described 
by Chahine. 3 ,4 Surface temperatures have been obtained both from 
these radiance data and also from the spectral radiances between 2500 
and 2700 cm -1 where the atmospheric transmittance is high. 5 In addi-
tion, McClatchey and Shaw6 have shown that there is no evidence of .a 
significant increase of the atmospheric temperatures between 30 and 
40 km near sunrise. 
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Balloon Flight 
The balloon was launched fro'm Palestine: Texas at 01 :52 eDT, 
July 11, 1968. Float altitude (3.5 ITlb) was reached at 04:30 eDT, and 
this altitude was maintained to within ±O. 1 ITlb until 10:20 eDT when the 
gondola was returned to earth. As shown in Fig. 1, the balloon 
travelled in a westerly direction at approximately 100 km/hr. Sunrise 
at the surface beneath the balloon occurred at 06:45, and at the balloon 
altitude at approximately 06:18 eDT. 
Observers in an airplane tracking the balloon made visual esti-
mates of the cloud cover beneath the balloon and of the heights of the 
cloud bases during part of the night and, after sunrise, photographs of 
the FOV obtained from cameras on the gondola were also available. 
The balloon passed over two extensive areas of cloud near 05:00 and 
09:00 eDT but, for most of the flight I the FOV was free from clouds. 
Near sunrise I there was evidence of haze in the lower part of the 
atmosphere. 
Information concerning the atmospheric temperature profile from 
the surface to abo'Q.t 10 mb was obtained from radiosonde,s launched from 
stations near the flight path at 05:00 eDT. Some of. these stations are 
named in Fig. l. Rocket measurements of atmospheric temperatures 
at pressures below about 10 mb above White Sands I New Mexico on the 
day before and the day after the flight were also available. The ranges 
of temperatures obtained from these observations at several pressure 
levels are shown in Fig. 2. Surface air temperatures and dew points 
were also available from U. S. Weather Bureau stations near the flight 
path. 
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'Measurements 
The earth I s radiance was measured at 35 frequencies between 
-1 1975 at:ld 2655 crn with a spectral resolving power (v /6. v) of approxi-
mately 1130. During successive three-minute intervals of the flight, the 
instrument made four obse rvations of the earth I s spectral radiance, 
two of a blackbody calibration plate, and three with an opaque shutter 
behind the entrance slit to provide an instrument zero. In each case 
the signals were integrated for 10 sec before read out. The signal-to-
noise ratios (SNR), rneasured during the flight, were close to those 
determined during the preflight calibration, and readings from other 
sensors rnonitoring the instrument performance confirmed its stabil~ty 
during the flight. 
Frorn the measured spectral radiances N( v.) of the earth at 
1 
frequencies vi' brightness temperatures Tb(v i) of the FOV were 
obtained from the relation 
N( v.) 
1 
where B( v, T) is the Planck blackbody function. The lowest brightness 
-1 
temperatures, about 230 K f were observed nca,r 2300 cm • At this 
frequency, the SNR was over 100. Variations of brightness tempera-
tures as small as 0.1 K could be observed at this and other frequencle s. 
Temporal Variations in Radiance 
The periods during which clouds were in the FOV during the flight 
are shown in curve (a) of Fig. 3. The daytime coverage was estimated 
from photographs. Observers on the ground reported haze near dawn 
122 
$ t ~ 
, 
- 1 , j 
C' I 
J 
. , 
) 
1 
i 
i , J 
',~. -I ;; i 
) 
LJ 
n ~ r ~,J 
, 
[' 
r 
l 
r., 
f; 
! j 
\ , 
" [1 
1.1 L~ 
[1 
I; 
fJ 
,~. 4fD 
and this haze was also observed from the tracking plane. The elevation 
of the surface beneath the balloon increased with time as shown in 
curve (b) of Fig. 3. 
The variation of the spectral brightnes s temperature of the FOV 
at 2655 cm -1 with time is given in curve (d) of Fig. 3. The atmospheric 
tr~nsmittance at this frequency is so high5 that at night, when no clouds 
are present, this temperature is only about 1 K lower than the surface 
spectral brightness temperature T where 
a 
and 
B(v.,T) = Ed(O)B(v.,T ) 
1 a 1 s 
directional spectral emissivity of 
the surface in the zenith direction 
T = true surface temperature 
s 
During the day, if no clouds are present, the solar flux reflected 
from the surface increases the surface brightness temperature. When 
clouds, at a lower temperature than the surface, a,re in the FOV at 
night, the measured brightness temperature decreases. During the 
daytime, the influ.ence of clouds on the brightness temperature depends 
on the fraction of the FOV filled by clouds, their temperatures, and 
their spectral reflective properties. 
-1 There was a decrease in the 2655 cm brightness temperature 
from the time observations were begun until sunrise at the ground. 
Shortly after sunrise, the temperature began to increase. Superposed 
on these general trends, were decreases in the brightness temperature 
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when clouds were in the FOV. Although both the nighttime (05 :00) and 
daytime (09:00) clouds had bases at about the same level (3500 m) and 
although the photographs showed essentially complete cloud cover at 
09:00, the daytime decrease in brightness temperature at 2655 cm- 1 
is significantly smaller than the nighttime decrease. 
In a previous paper, 5 it was shown that the spectral transmittance 
of a vertical path through one air mass is high (about o. 90) and approxi-
-1 
mately the same at 2510 and 2655 cm • Thus, at night, the brightness 
temperatures at these two frequencies should be the same and close to 
the spectral brightness temperature of the surface. The difference ~T 
in these brightness temperatures 
is shown as curve (c) in Fig. 3. From 03 :30 to 07:00, this differenc~ 
does not exceed ±O. 2 K except near 05:00 when clouds were in the FOV. 
These low values demonstrate the instrument stability and low noise 
In curve (c) of Fig. 3 the magnitude of ~T is greater near 05:00 
when clouds were in the FOV than when no clouds were present. When 
clouds are present, both at 05:00 and 09:00, the slope of the ~T curve 
in Fig. 3 changes s.ign more often than the slope of Tb (2655). These' 
effects a.re attributed to variations in the detectivity of the instrument 
to radiant flux originating from different directions in the FOV. These 
variations are caused by small differences in the transmittance of the 
instrument yvith direction and to variations in sensitivity over the active 
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areas of the detector surfaces. 7 It has been shown 5 that, if the instrument 
is calibrated by using a source whose radiance is uniform over the FOV 
and provided the radiances of other sources are uniform over the FOV, 
these instrumental variations do not affect the accuracy with which the 
unknown radiance is measured. However, if there is partial cloud in the 
FOV, the m,easured effective temperature depends on the cloud distribu-
tion and varies from detector to detector. These variations between 
detectors c an be minimized by imaging the earth's surface on the entrance 
slit. 2 
Between 04:30 and 05 :00, the maximum value of ~T did not exceed 
1 K although the brightness ternperature at 2655 cm- l decreased from 
294 to 277 K. This change in brightness temperature indicates the frac-
tional cloud cover increased from zero to almost 100%. Thus, the effect 
of instrument directional sensitivity variations, although noticeable, is 
not import~nt for most measurements. 
After sunrise the difference ~T becomes positive and shows a 
strong correlation with the amount of cloud cover. This indicates that 
the clouds have a higher ref~ectivity than the surface of the earth at 
these frequencies. The scatte,red solar flux is responsible for the 
smaller dec rease in brightness temperature when clouds were present 
during the day than at night. Analyses of the radiances at 2510 and 
2655 have shown5 that, at 09 :00 eDT the partial directional reflectivity 
of the clouds for solar flux reflected in the zenith direction ('" O. 03) was 
about three times larger than that of the surface (-0. 01) at 10:00 eDT. 
Beca'J.se of this large difference in reflectivity of the clouds a.nd the 
underlying terrain, the fractional cloud cover in the FOV can, in principle, 
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be obtained froIn measurements in this spectral region during the 
daytime. However, more information concerning these reflectivities 
is required before the present data can be analyzed in detail, 
The increase in AT and the as sociated decrease in the effective 
temperature at 2655 cm- 1 at 07:15 eDT were caused by a sInall patch 
of clouds which are just discernible in the photographs taken at this 
time. Between 07 :30 and 08 :00 eDT, the low value of AT shows that 
the solar flux scattered from the clouds and surface was small com-
pared with the emitted thermal flux and, hence, that the inc rease in the 
brightness temperature at 2655 cm- 1 during this period was caused by 
an increase in the surface temperature. 
.". 1 
The spectral brightness temperatures at 2510 and 2655 cm- and 
the difference ~T between 09:45 and 10:08 eDT are shown in more 
detail in Fig. 4. During this period, there were no clouds in the FOV. 
There a.re small changes in AT with time which are considered signi-
ficant and which may be caused by variations in the reflectivity of the 
terrain. However, the major cause of the changes in the brightness 
temperature are attributed to actual surface temperatur~ changes. 
From 09:45 until 09:55, the altitude of the terrain beneath the 
balloon decreased slowly as the balloon drifted along a valley, and from. 
; 
09:55 until 10:02, there was a sharp increase in altitude as the balloon 
crossed the Del Norte Mountains. After 10:02 the altitude decreased; 
the observed temperature variations are thus C16sociated with varfa-
tions in surface elevation, and the spatial resolution of these temper-
ature changes is consistent with that expected from the width of the 
FOV which is indicated in Fig. 4. 
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Atmospheric. Temperature Profiles 
The method of minirrlization of the residuals 4 was applied to the 
radiance data measured at 04:39 CDT to improve our knowledge of the 
spectral transmittance of the atmosphere near 4.3 microns. These im-
proved transmittances were then used for the reduction of all data dis-
CUS sed in this paper. 
The atmospheric temperature profile and surface temperature 
have been obtained for the times and locations shown in Fig. 1 from the 
radiances measured between 2185 and 2360 cm- 1 by using the analytical 
method described by Chahine. 3 ,4 The temperature profile obtained from 
the radiance measurements at 04:36 CDT is shown in Fig. 5 as the solid 
line superposed on the radiosonde and rocketsonde data given in Fig. 2. 
Both visual observations and inspection of the radiance measurements 
at 2510 and 2655 cm- l indicated there were no clouds in the FOY at 
this time. The surface temperature inferred from the radiances be-
tween 2160 and 2360 cm -1 is within 1 K of that derived from the corre-
sponding radiances at 2510 and 2655 em-I. 
Provided the surface brightness temperature is known, it is also 
possible to estimate the height and extent of clouds in the FOY. In this 
method, a thin layer of clouds is assumed to occur at some pressure 
level above the surface, and a tefnperature profile and cloud fraction are 
obtained which give conlputed spectral radiances in best agreement with 
the observed radiances. As the assumed pres sure level of the clouds is 
varied, the nornlalized sum of the residuals between the observed and 
, , 
calculated radiances, reaches a miniJinum value when the as sumed cloud 
height is equal to the actual height. If no clouds are present, a plot of 
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the resi.duals as a function of assumed cloud pressure level will show 
no minimum. The curve at the right hand side of Fig. 6 shows that 
there is no positive indication of minimum in the residuals plotted in 
this way for the data at 04:36 CDT. Hence, it is confirmed that there 
were no clouds in the JI10V. 
A number of other profiles and the corresponding plots of the 
residuals are shown in Figs. 7 through 13. Clouds wer.e present in 
the FOV at some of these times, and their presence is clearly indicated 
in the plots of the residuals. The clouds were confirmed by visual 
observa'tion, photographs taken after dawn from cameras on the gon-
dola, and analyses of the radiances at 2510 and 2655 em-I. 
Thus, at 05:05 eDT by assur.oing the surface temperature to be 
known from the previous clear FOV inversion, it was estimated from 
the 2185 to 2360 cm~·l radiance data that the cloud cover was 89% 
and that the cloud tops were at 700 mb. The corresponding 
temperature profile shown in Fig. 7 is in good agreement with the other 
observational data. When the cloud top temperature, cloud fraction, 
and suface temperature are used to calculate the ra.diances at 2510 and 
2655 cm- l , these values give brightness temperatures within 1 K of 
those actually observed at these frequencies. Similar agreement has 
been obtained for the other p:rofiles considered. 
Another nighttime p.rofile obtained from the 06:05 eDT radi.ance 
data is given in Fig. 8. The corresponding 1:esid~als in Fig. 9 show 
evidence of a shallow lninimurn hear 800 mb, but since it was esti:" 
mated that the effective cloud cover was less than 4%, the profile 
shown in Fig: 8 was obtained by assuming the FOV W£i.S cloud free. 
This small arrlOunt of cloud or haze "vas not observed from the tracking 
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plane and its presence cannot be detected from analysis of the 2510 
," 
and 2655 cm- l radiance data. 
The earliest daytiIne profile, for 07:24 eDT shown in Fig. 10, and 
the corresponding residuals are shown in Fig. 9. There is' a broad 
minimu.m in the residuals curve which makes it difficult to infer the 
correct cloud height. If we assume the cloud top to be at 800 rnb, then 
the corresponding fractional cloud cover will be 29%. Assurnp-
tion of a higher cloud top would have led to a smaller fractional cloud 
cover. Shortly before 07:24 eDT, the balloon had drifted over a cloud 
layer, and curve (c) in Fig. 3 shows that AT was still positive at this 
time. Thus, scattering of solar flux, presumably by clouds, was 
occurring. 
The plot of the residuals for the 08 :05 eDT data, presented in 
Fig. 9, shows no minimum. Thus, the FOV was probably cloud free. 
This was confirmed by photographs and the low value of AT in Fig. 3 
at this time. The 08:05 eDT temperature profile is shown in Fig. 11., 
The final profile, presented in Fig. 12, was obtained from the 
measurements at 09:05 eDT. At this time, the sun was 25 0 above the 
horizon and photographs showed the FOV was completely filled by clouds. 
The large value of AT in Fig. 3 indicates that a considerable fraction 
of the total radiance at short wavelengths was due to scattered solar 
flux. The profile in Fig .. 12 is nevertheles s in excellent agreement 
with the radiosonde and rocketsonde data. The pressure level of the 
cloud tops was estimated to be between 675 and 700 rob from the plot 
of the residuals shown in Fig. 13, and a cloud top temperature of 278 K 
was obtained~ The fraction of the FOV covered by clouds was estimated 
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to be between 97 and 99%, assum.ing the surface tem.perature 
to be the same as that for the previous clear FOV inversion. 
The cloud top temperature was also determined from the spec-
tral radiance at 2510 and 2655 cm- 1 , by assuming that the FOV was 
completely filled by the clouds. It was found that the brightness 
temperature of the clouds due to emitted thermal flux was 276.4 K and 
that the partial spectral reflectance by solar flux scattered in the zenith 
direction was 0.036. Since no other data on the scattering properties 
of the clouds were available, the spectral directional emis sivity of the 
clouds i:t~ the zenith direction was computed by assuming the clouds were 
Lambertian scatterers, and an actual cloud temperature of 278.8 K was 
obtained. If instead of 100% cloud cover only 95% of the FOV 
was covered by the cloud and 5% was filled by the surface at a tem-
perature of 296 K, the calculated temperature of 278.8 K is approxi-
mately 1 K higher than the true cloud top temperature. Thus, there 
is excellent agreement between the cloud top temperature determined 
from the radiance observations at 2510 and 2655 cm- 1 and that obtained 
from the measurements near 2185 cm- 1 . No correction was applied 
to these latter data for the co-ntribution by reflected solar flux, since 
this would alter the calculated cloud top temperatures by less than 1 K. 
Filte r Spectrom.eter 
The filter spectrometer flown with the multidetector spectrometer 
has been described by LaPorte8 . This instrument sampled the spectral 
radiance of the earth at approximately 400 frequencies between 1400 
and 2700 cm- l in 10 min. The angular field of view of this instrument 
is larger than that of the multidetector spectrometer and its spectral 
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resolving power is about 50. Although the radiometric accuracies of 
the two instruments were comparable, the SNR of the filter spectro-
meter was smaller than that of the Inultidetector instrument, and this 
prevented useful temperature profiles from being derived frOIn the 
radiance measurements near 2200 cm- 1 • However, for. a given 
brightness temperature of the FOV, the radiance increases rapidly with 
decreasing frequency and, hence, it is possible to observe the changes 
in radiance at selected frequencies corresponding to appreciably differ-
ent atmospheric regions. Some of these changes are shown in Fig. 14. 
The spectral frequency and approximate brightness temperature of the 
FOV are shown for each curve. 
It is seen that the changes in radiance with time at 2655 cm-1 are 
very similar to those observed by the multidet-ector instrument which 
are shown in Fig. 3. Similar but smaller changes are observed at 
2160 cm- I . At this frequency, the atmosphere is also quite trans-
pa,rent and most of the flux detected originates at the surface. 
At 1784 and 1900 cm -1, there is moderately strong absorption' by 
water vapor and most of the flux detected originates in the lower levels 
of the troposphere. The corr.esponding brig~tnes s temperatures are 
-I -1 approximately 250 K (1784 cm ) and 270 K (1900 cm ). During the 
o 
period of observation, the chan.ges in radiance at these frequencies were 
small. This agrees with the small range of atmospheric temperatures 
for the middle troposphere of the previous temperature profiles • 
However, at 1499 and 1680 cm- I where there is strong absorp-
tion by water vapor and most of the flux originates from the upper 
troposphere,' larger radiance changes occurred .. The brightness 
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temperature at both these frequencies is about 230 K and, hence, the 
flux originates near the san"le region of the atmosphere. Indeed, the 
shapes of the two curves are very similar and both show an increase 
in radiance near 06:00 eDT. It has not been determined whether this 
increase was caused by an actual temperature increase or by a decrease 
in H2 0 content. However, it is noted that these changes occurred 
near the time (06:05 eDT) at which a temperature increase was 
observed between 20 and 200 mb (Fig. 8). Thus, this temperature 
increase is considered real and not due to experimental error • 
Conclusions 
It has been demonstrated that surface temperatures and atmos-
pheric temperature profiles from the surface to pressure levels below 
4 mb can be inferred from measurements of the earth's radiance be-
tween 1975 and 2700 cm -1 made by a balloon-borne grating multi-
detector spectrometer. These temperature profiles have been obtained 
from both daytime and nighttime observations and under conditions of 
par~ial and complete cloud cover with no a-priori knowledge of the 
atmosphere except its composition, and (for the case of partly cloudy 
conditions only) the surface temperature. The ranges of temperature 
at a given pres sure level in the atmosphere obtained from several sets 
of radiance measurements during a five hour interval are the same or 
smal1~r than the differences in the temperatures measured by radio-
sondes and rocketsondes near the balloon flight path. 
It is estimated that the error in the determination of atmosphe'ric 
temperature does not exceed 2 K at any altitude. Under cloudless 
. 
conditions it nas been shown elsewhere 5 that surface temperatures can , 
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be measured to ± 0.3 K, and that the partial directi.onal reflectivity of 
the surface for solar flux reflected in the zenith direction can also be 
obtained. 
Despite the small contribution to the observed radiance from the 
low temperature region near the tropopause, the profiles presented in 
this paper demonstrate that the temperatures in this region can be 
accurately determined. 
i' t <_ 
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Fig. 1. 
Fig. 2. 
Fig. 3. 
Fig. 4. 
Fig. 5. 
Fig. 6. 
Fig. 7. 
FIGURE CAPTIONS 
Path of balloon launched from Palestine, Texas, July, 1968. 
Several radiosonde launch sites from which atmospheric 
temperature information was obtained are indicated. The 
locations of the balloon at which temperature profiles (TP) 
were obtained are shown. 
Radiosonde and rocketsonde temperatul~' extremes as obtained 
from instruments launched close to the balloon flight path. 
Curve (a): Estimate of cloud coverage in the FOV. 
Curve (b): Surface elevation in the FOV. 
Curve (c): Difference in brightnes s temperature at 2655 and 
2510 cn~~·l of the FOV. 
Curve (d): Spectral brightness temperature at 2655 crn- 1 of 
the FOV. 
Upper curve: Brightness temperature at 2655 cm- 1 of the 
FOV. 
Middle curve: Brightness temperature at 2510 em .. 1 of the 
FOV . 
Bottom curve: Difference in brightness temperature at 2655 
-1 
and 2510 cm of the FOV. 
Temperature profile derived from 04 :36 eDT radiance data. 
Variation of residuals with assumed cloud pressure levels 
for 04:36 and 05 :05 eDT radiance data. 
Temperature profile derived from 05 :05 eDT radiance data. 
The cloud height was estimated to be 700 mb and the cloud 
cov"er 89 '10. 
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FIGURE CAPTIONS (Contd) 
Fig. 8. Temperature profile derived from 06:05 eDT radiance data. 
The cstilnated cloud cover was less than 4% and the profile 
was obtained by assuming no clouds. 
Fig. 9. 'Variation of residuals with assumed cloud pressure levels 
for 06:05, 07:24, and 08:05 eDT radiance data. 
Fig. 10. Temperature profile derived from 07:24 eDT radiance data. 
The cloud height was estimated to be 800 mb and the cloud 
cover 29%. 
Fig. 11. Temperature profile derived from 08:05 eDT radiance data. 
Estimated cloud cover - none. 
Fig. 12. Temperature profile derived from 09:05 radiance data. The 
cloud height was estimated to be between 675 and 700 rnb and 
the cloud cover to be between 97 and 99%. 
Fig. 13. Variation of residuals with assumed cloud pressure levels 
for 09:05 eDT radiance data. 
Fig. 14. Variations of radiance at selected frequencies as observed 
( by a filter spectrometer. The frequency (cm-l) and approxi-
~ 
mate brightness temperature of the FOV are indicated by 
each curve. 
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